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Abstract 
The angle of arrival estimation of multiple sources plays a vital role in the field of array signal 
processing as MIMO systems can be employed at both the transmitter and the receiver end 
and the system capacity, reliability and throughput can be significantly increased by using array 
signal processing. Almost all applications require accurate direction of arrival (DOA) estimation 
to localize the sources of the signals. Another important parameter of localization systems is 
the array geometry and sensor design which can be application specific and is used to 
estimate the DOA. 
 
In this work, various array geometries and arrival estimation algorithms are studied and then a 
new scheme for multiple source estimation is proposed and evaluated based on the 
performance of subspace and non-subspace decomposition methods. The proposed scheme 
has shown to outperform the conventional Multiple Signal Classification (MUSIC) estimation 
and Bartlett estimation techniques. The new scheme has a better performance advantage at 
low and high signal to noise ratio values (SNRs).  
 
The research work also studies different array geometries for both single and multiple incident 
sources and proposes a geometry which is cost effective and efficient for 3, 4, and 5 antenna 
array elements. This research also considers the shape of the ground plane and its effects on 
the angle of arrival estimation and in addition it shows how the mutual couplings between the 
elements effect the overall estimation and how this error can be minimised by using a de-
coupling matrix.  
 
At the end, a novel miniaturised multi element reconfigurable antenna to represent the receiver 
base station is designed and tested. The antenna radiation patterns in the azimuth angle are 
almost omni-directional with linear polarisation. The antenna geometry is uniplanar printed log-
spiral with striplines feeding network and biased components to improve the impedance 
bandwidth. The antenna provides the benefit of small size, and re-configurability and is very 
well suited for the asset tracking applications. 
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1. INTRODUCTION 
1.1 Introduction 
In the exponentially increasing market of wireless communications location based 
services serve as the key enabling technology. Location based services (LBS) 
exists from short range Bluetooth and ad hoc to long range telecom networks. 
Location based services in a broad sense are considered to provide the basic 
information about the whereabouts of the service users by using the location of the 
wireless devices within the network. The latter is the critical issue among all to 
uniquely identify the device. 
 
1.2 Location Aware Services 
 The demand for the location aware services has considerably increased with the 
increase of mobile and wireless devices. e.g. in the field of medical science patient 
management and movement [1-5], concept of smart spaces that enables the 
physical space and human interaction [6-10], in the field of [11] logistics for the 
transportation of goods [12, 13], inventory management and warehousing [14-17], 
environmental monitoring services use sensor network for real time weather 
predictions and to determine the source of pollutants that are present in air and 
water [18] and content sharing using mobile peer to peer connections [19-21].  
 
2 
 
1.3 Background and Motivation 
Estimation problem and in specific parameter estimation has been a topic of great 
interest for the engineer’s due to its applications and their ever-growing 
requirement for an improved performance [15 - 17]. With the expansion in the 
applications the accurate estimation of temporal and spatial parameters found wide 
spread interest. Sensor array processing has been an area of active research 
during the past decade because of the requirement to gather data from all sensors 
to provide an estimation. Array sensor processing relies on the prior knowledge of 
the geometry of the array and the characteristics and number of array elements. 
The most regarded achievement of this method is the source location estimation 
using radars and sonars. One of the earliest  angle of arrival (AoA) techniques was 
suggested in 1961 [22] and named as the classical beamformer  method. The 
fundamental principle of this method suggests to apply an equal weighting on each 
antenna element to construct the steering vector in a certain specific direction [23]. 
This approach is ideal to rotate the steering vector of array mechanically in a 
specific direction and measuring the output power. However, due to the high level 
of side lobes, output power is the sum of the power from the direction of array 
steering vector and from other directions where the side lobes are pointing. Thus, 
the revolving power depends on the size of antenna array and beamwidth of main 
lobe. In 1969, author in [24] proposed an algorithm to estimate the power of 
incoming signals. This algorithm is known as minimum variance distortionless 
response (MVDR) method. The idea of this approach is to estimate a signal from 
one direction and consider all other signals as interference. MVDR method has 
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much better resolution compared with the classical beamformer method. On the 
other hand, when the signals are similar or highly correlated the resolution of 
MVDR becomes worse than classical beamformer algorithm [25]. In 1971, author 
in [26, 27] developed a technique to control the cancellation of interference signals 
adaptively. This technique was called as the Howells-Applebaum method. At the 
time, authors in [28, 29] utilized a least mean square to minimize error between the 
output of antenna array and self-training of reference signal. This technique is 
known as least mean square (LMS) method, which uses the steepest descent or 
gradients methods to find the optimum weights. The convergence of approach is 
mainly based upon on the eigenvalues spread. The eigenvalues become larger as 
the convergence time increases [30]. The convergence time of this method is 
dependent on the gradient step size parameter, which is given in  [31]. As they 
were affected by the Rayleigh fading channel conditions, this method suffers from 
many problems such as poor resolution, wide main beam and higher side lobes 
level. These issues limited the ability of delay and sum methods to separate closely 
spaced signals and acquire satisfying performance and high resolution [32]. 
However, MVDR method can overcome the poor resolution problem associated 
with the delay-and-sum method, and gives a significant improvement compared 
with this type of techniques. 
 
Unlike traditional techniques, subspace algorithms utilize the structure of the 
received signal, instead of exploiting the statistic characteristics of received data; 
which is leading into a significant improvement in resolution. This type of 
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algorithms provides better resolution and performance compared with previous 
types. In 1972, a maximum entropy (ME) algorithm was proposed by [33]. The 
main idea of this method is to determine the pseudo spectrum that maximizes the 
entropy function subject to conditions. In 1973, author in [34] proposed an AOA 
method which is called Pisarenko  harmonic decomposition (PHD), which exploits 
the Eigen structure of covariance matrix to estimate the direction of incoming 
signals. The main idea of this technique is to minimize the mean squared error 
(MSE) of the antenna array output under the specific condition that makes the 
norm of weight vector equal to unity. This approach has better resolution compared 
with Classical Beamformer, MVDR and ME methods [35]. In 1975, [36] proposed a 
linear prediction error method to estimate the direction of incoming sources by 
minimizing the mean squared prediction error between the output of antenna array 
and actual output. In 1979, a Minimum Norm algorithm was proposed by [37] and 
then developed in 1983 by [38]. This method is employed by optimizing the weight 
vector of array output. The limitation of this algorithm is that it is only applicable on 
the uniform linear arrays (ULA). In (1983) [161] proposed Root MUSIC technique to 
reduce the computational complexity of MUSIC method. The main idea of this 
approach is to search for the roots, which are associated with direction of arrival 
signals. This method is faster than MUSIC because it does not need the manifold 
and give better accuracy even when the angle of arrivals is close to each other. 
The main limitation of this method is that it is also applicable on the uniform linear 
antenna array. Moreover, not all roots give the correct location of AOA, therefore 
requires extra processing to select the right roots. In 1986, a multiple emitter 
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location and signal parameter estimation (MUSIC) method was suggested by [39]. 
MUSIC is an Eigen structure technique, which provides fair estimates for the 
angles of arrival, number of signals, and the strength of each waveform. The idea 
of this algorithm is dependent on the orthogonality between the noise subspace 
and steering vector of antenna array. In 1989, [40] suggested the Cyclic MUSIC 
algorithm, which utilized the spectral coherence characteristics of the received 
signal and made it has ability to solve signals spaced more accurately. Additionally, 
the Cyclic MUSIC algorithm averts the condition that the total number of incoming 
signals on the array are less than the number of antenna elements. Many efforts 
have been made to simulate and develop this algorithm [41-50]. Also In 1989, [51] 
suggested an Estimation of Signal Parameters via Rotational Invariance Technique 
(ESPRIT) to estimate the direction of arrival signals. ESPRIT method assumes that 
the type of sources are narrowband as well as   number of received signals is less 
than number of the antenna elements. The main idea of this technique depends on 
exploiting the rotational invariance of the signal subspace, which is produced by 
two arrays with a translational invariance structure. It is very much necessary to 
separate these subarrays as translationally and not rotationally. In 1991, [52] 
proposed the propagator method to estimate the DOA of signal. This technique has 
low complexity since it does not require decomposition of the eigenvalues and 
eigenvector of the covariance matrix. However, it utilizes the whole covariance 
matrix to obtain the propagation operator. Thus, this technique is only suitable in 
the presence of AWGN and its performance will significantly deteriorate under 
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spatial non-uniform noise. The performance of this method was analysed and 
evaluated in addition to its advantages and drawbacks in [53]. 
 
Many efforts and attempts have been done to improve performance and increase 
resolution of the conventional MUSIC algorithm. One of these attempts was 
achieved in 1991 by [54]. He proposed a Root-MUSIC algorithm to find roots that 
represent the location of incident signals. Root-MUSIC method depends on 
polynomial rooting [55]. Simply, the goal of this method is to reduce the complexity 
of MUSIC by finding the roots that are associated with received signals. However, 
this algorithm is only applicable on the uniform linear arrays. In 1997, [56]  
suggested Norm Root MUSIC  to reduce the complexity of root computational and 
minimize the order of the polynomial [56]. Briefly, the idea of this technique is to 
apply the rules of Root MUSIC method on the Min-Norm algorithm. This algorithm 
gives better resolution than MUSIC. However, this approach is only suitable for 
uniform linear array and this limits its application. Additionally, the roots sometimes 
do not give the correct indication toward the angles of arrival especially at poor 
SNR. In 2004, [57] presented a method for signal direction estimation based on the 
spatial filter. This method combined subspace approach with spatial filter algorithm 
to obtain good performance for angles estimation at medium signal to noise ratio. 
Further, it can solve sources under resolution threshold. In 2013, [58] presented a 
method to estimate the direction of received signals by combing the delay profile 
estimation method with AoA estimation technique. The advantage of this method is 
that it uses delay profile technique to separate the incoming signal under multipath 
7 
 
conditions and then employs AoA approach to estimate the direction of the 
incoming signals. In 2015, [59] proposed hybrid MUSIC and hybrid ESPRIT 
methods to estimate the direction of angles of arrival in hybrid antenna array 
technique. The hybrid antenna array approach employs the same analogue to 
digital converter (ADC). The purpose of this work was to estimate multiple received 
signals simultaneously instead of one AoA. The essential idea is to divide the 
incoming information into several orthogonal frequency division multiple (OFDM) 
symbols. Enormous efforts have been made to improve the accuracy of the 
estimation algorithms to provide better location estimates to improve the quality of 
the location based services and some algorithms are very highly regarded but 
there is a room for improvement in this field to present a faster and reliable 
algorithm and this will be the first focus of this work. 
 
In addition to the estimation problem the design of a small enough antenna array 
for localization applications using TETRA VHF/UHF frequencies is another great 
challenge [60]. These frequencies are a preferred choice for radio frequency based 
tracking systems and applications due to their longer wavelengths and thus the 
ability to travel longer distances and easy detection but due to the longer 
wavelengths the conventional techniques of antenna design result in large 
dimensioned sensors which are not suitable due to the space constraints in most 
modern tracking hardware. The smaller designs that have been proposed in the 
literature suffer from limited bandwidth due to their small size. But size is a major 
constraint as the mobile tracking devices need to be discrete and customer friendly 
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and can have more than one tracking solution built in such as a combination of 
radio frequency and Global Positioning System (GPS) which then add additional 
space requirements for the GPS receivers. A new sensor array design which is 
small, reliable and easy to manufacture is of great importance and this important 
parameter is another focus of this thesis. 
 
Another challenge that is faced by the world of wireless communication in general 
is that of the multipath effects of the channel which in result change the signal 
covariance matrix and result in wrong angle of arrival estimation. 
All the needs of these fast-growing applications and current technological 
limitations motivated this research. 
 
1.4 Aims, Objectives and New Contributions 
The aim of this research is to contribute on the system level towards the study, 
design and implementation of system components for the tracking devices that can 
be used to enhance the user or asset location estimate and to provide improved 
location based services. The system level components that are focussed in this 
work include the angle estimation algorithm, antenna design suitable for integration 
in a tracking device in the form of an array, and transmission scheme.  
 
Objectives identified towards this aim were to: 
 Review and understand the Location Aware Services their applications and 
importance. 
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 Understand the parameter estimation problem and model and simulate 
current estimation algorithms.  
 Contribute new technique that enhance the capability of the current 
localization framework. 
 Design an antenna that can be employed in a practical tracking system, 
which is reliable, has a suitable radiation pattern and easy to manufacture. 
  
The major contributions of this work are 
 A new signal subspace based angle of arrival estimation algorithm is 
proposed in Chapter 3 and the mathematical model is derived. Simulations 
and measurements have been carried out to evaluate the performance of 
the proposed algorithm and the results prove that the proposed algorithm 
can indeed enhance the performance of the conventional widely accepted 
angle estimation algorithms. 
 Evaluation of the mutual coupling methods namely conventional impedance 
method and receiving mutual impedance method by calculating the 
decoupling matrices and applying them to the data to measure performance 
improvements to propose the best algorithm to be used for localization 
purposes is described in Chapter 4. In localization systems, the antenna 
arrays are employed as receivers so the receiving mutual coupling method 
is proposed which is easier to implement and has the same complexity as 
the conventional mutual impedance method. 
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 In mobile devices used for localization, size, reliability, cost and 
performance of the receiver are of utmost importance. For this purpose, 
Design of a novel reconfigurable miniaturised antenna suitable for 
localization applications is presented in Chapter 5. 
 Orthogonal Frequency Division Multiplexing (OFDM) systems have been 
applauded for their ability to combat multipath and for this reason OFDM 
based wideband transmission scheme for angle of arrival estimation has 
been evaluated.  
 
1.5 Organization of the Thesis 
 
Chapter 2: This chapter provides an introduction of the location based services. It 
describes the different positioning systems including the indoor positioning 
systems, the RFID based systems and the GPS. Provides details about the 
outdoor localization systems using terrestrial base stations and techniques that are 
employed by the current systems to provide localization services. Then a review of 
the latest trends and applications of the location aware services is presented. 
 
Chapter 3: This chapter opens with an introduction to the term localization its 
applications followed by a mathematical derivation of antenna arrays that can be 
used as receivers in a localization system. Mathematical models of some of the 
well-known direction of arrival (DOA) estimation techniques are presented followed 
by the mathematical model of the new signal subspace based angle of arrival 
estimation algorithm. This chapter further considers the performance of the 
11 
 
proposed algorithm under different constraints and provides a comparison between 
the proposed algorithm and other methods including phase interferometry, MUSIC 
and Bartlett, Minimum variance distortionless response etc. to highlight the 
advantages of the proposed algorithm. 
 
Chapter 4: Mutual coupling between antenna arrays which is a big problem is 
discussed in this chapter with examples. Two different mutual coupling 
compensation methods namely conventional and received impedance based 
methods are presented. These methods were then evaluated in terms of 
performance improvement in the angle of arrival and ease of implementation. 
Calculation of the decoupling matrices for both methods is described and the 
results are studied. The decoupling matrices were then applied to the data from 
different array geometries and the performance was evaluated in terms of angle 
estimation error for antenna arrays with mutual coupling and with mutual coupling 
compensated.  
  
Chapter 5: With the current knowledge of the design of the antennas it is very hard 
to design an antenna that is small, has sufficient bandwidth and gain and is 
capable of surface mounting for TETRA VHF/UHF frequencies. Such a novel 
reconfigurable antenna is presented in this chapter. The design and 
implementation of this antenna is detailed in terms of antenna geometry, design 
methodology and the switch design. Results and discussion are then presented 
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which focus on the antennas performance in terms of reflection coefficient, 
reconfigurability, radiation pattern and gain. 
 
Chapter 6: This chapter entirely comprises of the measurement data received 
using arrays of the prototype antenna. Different geometry configurations were 
measured and the results were processed using MATLAB and the angle of arrival 
estimation methods were applied including the proposed method to deduce the 
angle estimations. The results obtained are then detailed and discussed. 
 
Chapter 7: This chapter provides the mathematical description of how the OFDM 
system can be employed in angle of arrival estimation. Angle of arrival estimation 
performance is then presented for different number of antenna elements with 
different Bandwidth and the results are discussed  
 
Chapter 8: This chapter summarizes the whole thesis and provides the outcomes 
of this research. The conclusions gathered from each chapter and how this work 
can be further extended is discussed in this chapter.  
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2. LOCATION BASED SERVICES: A REVIEW 
 
2.1 Introduction 
Location Based Services (LBS) involve rendering different services to a subscriber 
based on user location [61, 62], ranging from security [63], infotainment [64], 
healthcare [65-70], retailing [71] , tracking [72] and so on. These can be done in 
either position-aware technology in which a device is aware of its own position or 
other devices track the location of the device [73]. LBS was first pursued to offer 
efficient safety to subscriber by determining exact user geographical location [74] 
and later infotainment services which can be delivered to the user using the 
geographical location identity of the mobile devices [75, 76]. Some LBS have the 
capability of detecting when the boundaries between regions or zones have been 
crossed while others can detect the location services based on service logic 
capability [77, 78]. These LBS techniques can as well be applied in the tracking 
services of old and disabled persons [79], monitoring health of patients [80, 81], 
navigational services at the airports  [82], traffic telematics [83], fleet management 
[84, 85], enquiry and information services, crime fighting [86], toll systems [87], 
marketing [88], gaming [89], geography mark-up and community services [74, 90, 
91]. Some modern applications include location enabled web services [92] such as 
social networking [93] including Gowalla (GOW), Facebook (FB), Four Square 
(FOU), Google Latitude (GLA), etc. The location of the user is disclosed to 
enhance the social networking scenario. LBS are based on second generation 
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(2G), third generation (3G), fourth generation (4G) long term evolution (LTE) and 
fifth generation (5G) mobile positioning systems [94-96]. In 2G and 3G systems 
radio resource control (RRC), IS-801, and radio resource location services protocol 
to meet the criteria for the location based emergency services and applications, the 
current 4G standard supports techniques such as assisted global navigation 
satellite system (a-GNSS), enhanced cell-ID (ECID) and observed time difference 
of arrival (OTDOA) using the LTE positioning protocol (LPP) which enables 
localization over LTE [97]. There are five different technologies that have been 
proposed for the upcoming 5G systems which include device-centric architecture, 
massive multiple input multiple output (Massive MIMO), millimetre wave (MW), 
smarter devices and support for the machine to machine (M2M) communications 
and most of those will help improve the location accuracy as suggested in [98, 99] 
 
As the geographical position of the user changes, location management first 
requires the network to authenticate the user and update the location profile of the 
user [100-102]. The second step is the delivery of the call in which the network 
identifies the updated location profile of the user and finds the present position of 
the mobile terminal [103, 104]. There are different positioning systems for mobile 
terminals in LBS which differ in reliability, accuracy, and time. These include 
satellite positioning systems [105], network based positioning systems and local 
positioning systems [106, 107].  
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The US government upholds a self-regulatory environment for corporations, such 
that the firms are permitted to access, use, and sell consumer proprietary 
information. European regulations, for example in Germany, contrast with this by 
restricting with stricter laws about access to and use of private information. This 
dichotomy limits the adoption of LBS by subscribers (who are aware), for example 
in retail LBS services. In fact, location tracking services generate more concerns 
for privacy than position-aware services. This is solved by offering the user the 
option of turning off location data services. 
 
Other major challenges facing LBS include measuring the mobility of the client, 
location reliant obstacles and delivering services with high performance [108] and 
security [109, 110]. LBS Actors involve regulation and standardization 
organizations, location information providers, logistics providers and users. The 
localization infrastructure for LBS include LBS indoor systems, LBS satellite 
systems, LBS Global Positioning Systems (GPS), outdoor systems using terrestrial 
base stations (BSs). Present geo-location techniques for LBS are categorized into 
Global Navigation Satellite System (GNSS) based [111], cellular network based, or 
the combination of both [112]. GNSS based methods depends largely on the 
visibility of the satellite and the geometry of the receiver satellite. It can create 
problems in urban areas and in indoor locations [113-116] . In the past years, more 
attention was paid to outdoor localization but with the rapid advancement in the 
technology in the recent year’s indoor localization techniques have also become 
popular [117-119]. Information gained from indoor spatial localization has been 
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used to deal with disaster management [120] in case of natural disaster and 
emergency cases [121-124]. Indoor localization methods do not depend on GPS 
[125-127]. 
 
2.2  Positioning Methods for LBS 
In this section, a discussion is presented on LBS using different positioning 
methods. Both indoor and outdoor positioning methods are discussed.  
 
2.2.1 Indoor Positioning Systems 
Indoor localization uses various techniques such as Radio Frequency Identification 
(RFID) [70, 128], Bluetooth [119, 129-134] and Wi-Fi technologies. An indoor 
location system is comprised of a set of antennas containing wireless tags. These 
antennas transfer data wirelessly by means of tags which are attached to an object 
or a person or an animal. The antennas communicate wirelessly with tags, which 
are attached to humans, or to desired positions. The method for communication 
might include Bluetooth, RFID, Wireless Local Area Network (WLAN) and Infrared 
(IR) [135-137]. In the case of outdoor localization, GPS is required which depends 
on Line of Sight (LOS) to the GPS satellites. Satellite-based GPS systems are only 
suitable for outdoor localization but localization within the indoor environments 
such as buildings can be attained using assisted GPS (a-GPS) [138]. Infrared-
based systems such as active badges are also used for indoor localization but their 
drawback is that they require supplementary hardware and have short range 
transmitters. An indoor positioning system detects the position of a person or an 
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object in an indoor space such as hospital, organization, home, etc. [139]. Indoor 
positioning such as indoor mobility systems need accuracy of the location of the 
user. In indoor Wi-Fi based systems, the influence of multipath propagation must 
be considered, namely the reflection and absorption of the signals. When the 
signal strength is matched with the values of the earlier recorded database, it is 
necessary to consider a range of values due to the multipath that are reasonably 
similar.  
 
Advancement in the Wi-Fi technology and in smart devices has made it easier for 
locating people indoors. For this purpose, the trilateration method is used which 
calculates the distance from a close-by access points through Media Access 
Control (MAC) addresses. In this case, the recorded signal strength values are 
used to estimate the distance of a user [140-142]. Unconnected Wi-Fi micro 
location based applications do not depend on cellular networks. Location enabled 
Wi-Fi networks in buildings, campuses and indoor public places deliver micro 
Geographic Information Systems (GIS) application opportunities for education, 
business, health care, supply chain management etc. 
 
The indoor positioning system comprises of three layers, namely the location 
sensing system, software location abstraction and location based applications. The 
quality criteria for the localization methods include localization accuracy, availability 
and consistency, applicability, power consumption, the size of the hardware, 
software processing load and the supported positioning modes, signalling and 
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network dependent load, cost, standardization, and latency.  
 
2.2.2 Radio Frequency Identification (RFID) 
Radio Frequency Identification (RFID) uses a chip containing a radio frequency 
electromagnetic field coil. It transmits a coded identification number transmitted by 
the electromagnetic field coil when it is queried by the reader device [143]. RFID 
chips are usually integrated in products and are also implanted in animals for their 
identification. For transferring data, RFID uses a wireless system comprising of 
radio frequency electromagnetic fields and are rapidly replacing the bar codes. 
RFIDs are used for various purposes such as toll collection, access management 
and for tracking of animals, goods or people [144]. RFID system comprises of a 
reader and numerous active or passive tags. An active tag contains an internal 
battery which is readable from a remote distance [145-147]. The limitation of RFID 
tags is that they cannot work in an environment where there is shortage of power, 
gate count and memory storage. Hence, privacy and security are the major hurdles 
in the deployment of the RFID technology [148-151] .  
 
For transmitting and receiving data, RFID tags and readers use well-defined radio 
frequencies and protocols defined by International Telecommunications Unit (ITU)  
and European Telecommunication Standards Institute (ETSI) for Europe [152, 153] 
and the frequency ranges which are used for RFID systems include low 
frequencies (LF) ranging from 100 kHz to 500 kHz [154], high frequencies (HF) 
19 
 
from 10 MHz to 15 MHz [155] and ultra-high frequencies (UHF) ranging from 850 
to 950 MHz [156, 157] . 
 
2.2.3 Global Positioning Systems (GPS) 
Global Positioning System (GPS) is a successful commercial system providing 
LBS including reliable navigational, positioning, and timing services. This satellite 
navigational system is formed by the 24 satellites circling around the earth’s orbit 
and their compatible receivers here on earth. GPS receivers can calculate accurate 
speed, location, and time.  
 
The GPS services are widely employed in industries like for mineral exploration 
and for the management of wildlife habitation, in forestry, in tracking people and 
objects, land surveying, map-making, and scientific applications such as study of 
seismic activity, management of telecom networks, etc. GPS does not provide 
accuracy in urban areas and in indoor places as the walls of tall buildings block the 
signals from the satellites [158]. GPS is a satellite based navigation system, it 
requires a Line of Sight (LOS) between the signals from the satellites and their 
receiving antenna. If a land vehicle is used, the Line of Sight principle will not be 
met as signals cannot reach the antenna when a land vehicle moves in an urban 
environment [159]. The limitation of GPS technology is that buildings and foliage 
greatly intercept GPS signals.  
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For precise calculations GPS requires at least three satellites. If the altitude of the 
user is also required, an additional satellite will be required for that. Any number of 
satellites can be used in GPS, but only three satellites are used due to satellite 
failure, poor geometry, constellation build-up and long acquisition time. GPS is 
extensively used as GPS receivers are cheap and it gives the precise location of 
the user. 
 
Assisted GPS also known as A-GPS or aGPS is a system which can recuperate 
the Time to First Fix (TTFF) that is; the start-up operation of a Global Satellite-
based Positioning System. A-GPS incorporates the mobile network with the GPS 
for providing precision of 5 to 10 meters. This system provides better coverage and 
adjusts the system within seconds. It also uses fewer satellites, saves power and 
can be used indoor [160]. Hence, A-GPS is more precise and has a shorter 
acquisition time of less than 10 seconds. The cost per unit of this system is quite 
cheaper than the GPS but it requires some changes at the Base Station (BS) 
Level. The receiver of A-GPS can detect weaker signals as compared to the 
receiver in the GPS. A-GPS is cheaper due to decreased search space and 
sensitivity support.  
 
2.3 Outdoor Systems Using Terrestrial Base Stations 
The Outdoor systems using Terrestrial BS’s comprise  
 Global System for Mobile Communications GSM (with Enhanced Observed 
Time Difference (E-OTD)). 
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 Global System for Mobile Communications GSM (with CELL-ID). 
 Code Division Multiple Access (CDMA) / General Packet Radio Service 
(GPRS) (with A-GPS) 
  CDMA/GPRS (with A-GPS) - Advance Forward Link Trilateration (AFLT) + 
A-GPS. 
 Wirelessly Assisted GPS and AFLT. 
 Wideband Code Division Multiple Access (WCDMA) (with Idle Periods in the 
Downlink (IPDL), Time Alignment Idle Periods in the Downlink (TA-IPDL) 
and Observed Time Difference of Arrival with Positioning Elements 
(OTDOA-PE)). 
 Systems with Smart Antennas and Distributed Antenna Systems (DAS) and 
Wi-Fi Access Points (Aps). 
 These systems are discussed next. 
 
2.3.1 GSM (with Enhanced-Observed Time Difference (E-OTD))  
This is a triangulation system based on the network finding locations by calculating 
signals’ arrival times [161]. It mainly calculates based on Angle of Arrival (AOA) 
and Time Difference of Arrival (TDOA) [162, 163]. This is a standard technique 
which is used for calculating the location of mobile phones by using multi-
lateration. It has an accuracy of localization within 50 - 125 m and acquisition time 
about 5 seconds. This system requires changes in both the software and the 
hardware of the GSM system, e.g. E-OTD offers a process to allow pseudo-
synchronization. The transmission time counterbalance can be assessed by using 
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a Location Measurement Unit (LMU) between the two base stations. This quantity 
is referred to as Real Time Difference (RTD). Pseudo-synchronization can be 
achieved using RTD. 
 
2.3.2  GSM (With CELL-ID)  
This system is simple but its accuracy depends on the size of the cell. This system 
can be improved by using hybrid methods. The combination of different methods to 
constitute a hybrid method allows for the increased reliability, precision, 
applicability and accessibility [164-166]. This method can combine any 
standardized method with any of the measurements from the physical layer such 
as Evolved Cell Global Identifier (E-CGI) and CELL ID + Round Trip Time (RTT), 
Angle of Arrival (AOA)+ Round Trip Time (RTT) while the other methods use two 
complete location techniques, such as Observed Time Difference of Arrival (OTDA) 
+ Angle of Arrival (AOA). 
 
2.3.3 CDMA/GPRS (With A-GPS)  
Code Division Multiple Access (CDMA) provides the main radio modelling 
positioning methods which depends on the Time Difference of Arrival (TDOA) 
trilateration. This system works on two positioning technologies namely Advance 
and Enhanced Forward Link Trilateration (AFLT), (EFLT) [167]. 
 
23 
 
2.3.4  CDMA/GPRS (With A-GPS) - AFLT+AGPS  
Advance Forward Link Trilateration (AFLT) accepts a methodology like that of Idle 
Period Downlink  (IPDL) [168], but it uses GPS other than Location Measurement 
Unit (LMU) to locate all BS’s and requires supplementary units to utilize the 
preliminary information to measure the mobile station’s (MS’s) position [169]. 
 
2.3.5  Wireless Assisted GPS and AFLT: GPS One a Hybrid Solution  
This technique of localization is distinctive to CDMA networks, as they are 
integrally synchronous in their functioning. It calculates the phase delay between 
the signals which has been sent to a pair of BSs. After that it compares this to the 
same data taken from another pair of BSs. The GPS type is a joint Wireless 
Assisted GPS (WAG) and Advance Forward Link Trilateration (AFLT) technology 
proposed by Qualcomm. It is developed based upon the WAG [170-172]. 
  
2.3.6  WCDMA (With IPDL, TA-IPDL and OTDOA-PE)  
This is a spread-spectrum modulation methodology primarily used in 3G mobile 
networks. The channels with higher bandwidth than the transmitted data are 
employed in this scheme. In IPDL based positioning in WCDMA, the system makes 
no effort to avoid loss of data as compared to the compressed mode. IPDL method 
is the prime 3GPP standard reference for this operation [169]. 
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2.3.7  Distributed Antenna Systems (DAS) 
In sky-scrapers, DAS are usually used to reduce the antenna receiver separation 
[173, 174]. Within a building, there is a Central Unit (CU) that controls the Remote 
Antenna Units (RAU) installed on every floor. DAS lessens the transmission power 
and provides higher rates of data transmission for the Mobile Terminals indoors.  
 
2.3.8 WIFI Technology with Access Points (AP) 
Wi-Fi is a Local Area Network (LAN) technology which was invented to add 
mobility to the private wired LAN. It is not just getting connection to a computer or 
to a network. It is now being used in gaming gadgets, MP3 players, phones, etc. It 
uses a decentralized and end-user-centric method for providing services to its 
users. It is an IEEE 802.11ad wireless Ethernet standard which supports wireless 
LAN [175-177].  
 
Wi-Fi technology is used to efficiently locate persons and objects, improve 
workflow and WLAN planning, improve productivity by proper allocation, reduces 
loss, improve customer satisfaction and security [178, 179]. The most commonly 
used standard in Wi-Fi is IEEE 802.11b/g which works in the 2.4 GHz band. At this 
frequency, the broadcasting signals are altered due to noise and distorted due to 
the obstacles (such as wall, buildings, objects, humans, etc.). The WLAN 
infrastructure comprises of wireless Access Points (APs) which are connected to a 
LAN. When the Wi-Fi-supported mobile device enters a cell, the mobile device 
receives the MAC address of the AP [180]. 
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 Wi-Fi APs are universal and are providing significant connectivity for extensive 
variety of mobile networking devices. Management tasks such as enhancing AP 
placement and sensing distorted APs wants a user to effectively verify the location 
of the wireless APs. The wireless APs issues a MAC address which is a unique 
identifier to distinguish it from the other APs. The APs play the role of a verifier 
[181-183]. The physical or virtual port comprises of two logical ports namely 
Authentication Port Access Entity (PAE) and Service PAE. The authentication PAE 
is permanently open whereas the service PAE opens just upon positive 
authentication for a default time of an hour [184]. The internal transmission lines 
are small in diameter but the cable run is less as it is of few inches [185].  
 
Researchers have proposed the use of commodity smartphones for locating APs in 
real time [186]. This method does not require the use of outdoor measurements or 
any specialized equipment. By revolving a smartphone around the body of the 
user, one can successfully imitate the operations of a directional antenna. The 
results have shown that the signal strength artefacts can be detected on numerous 
smartphone positions for multiple outdoor environments. In the meantime, 
researchers have developed a system called Borealis which gives accurate 
guidance related to the direction and after few measurements it directs the user to 
the desired AP. this system gives accurate values as compared to other real time 
localization systems. It detects signal inclinations created by the blocking obstacles 
which precisely measure the direction of the AP [187].  
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2.4  Techniques of the Existing LBS Methods 
The techniques for estimating the existing localization based services include 
Localization by Cell-ID, Localization using Prediction (Dead -Reckoning Method), 
Angle of Arrival (AOA), Time of Arrival (TOA), Finger-Printing, Observed Time 
Difference of Arrival (OTDOA) and Hybrid localization techniques employing AOA-
TOA. These are explained below: 
 
2.4.1  Localization by CELL-ID 
The localization by Cell-ID involves Cell Global Identity (CGI) that results in 
locating a region as large as the cell itself [188, 189]. This positioning method can 
be stretched to sectorial cell positioning and can also be combined with TOA-
based distance calculation methods. Generally, in GSM networks, three antennas 
are fixed at most of the Base Transceiver Station (BTS) locations, with the purpose 
that sectorial cell positioning is recognized automatically. 
 
The identification (ID) codes like Subscriber Identifiers (Mobile Stations (MS)) are 
required in order to localize by Cell-ID and also the following identifiers can also be 
used: Location Area (LA) and Routing Identifiers (Mobile Switching Centre (MSC)) 
[190].  
 
2.4.2 Localization by Prediction (Dead-Reckoning Method) 
Localization by dead-reckoning or prediction involves localizing the position of a 
moving target by using the memory of the last position of the target [191, 192]. 
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Various applications of dead-reckoning methods include air navigation, automotive 
navigation, marine navigation, animal navigation, personal navigation systems, etc. 
Automotive navigation systems overcome the limitations of the GPS and GNSS 
technology. In robots, the dead-reckoning method reduces the requirement for 
ultrasonic sensors [193, 194]. Multi-scale dead-reckoning algorithms are used for 
network localization which is anchor-free and does not need any network topology. 
It uses local distance and angular information for close-by sensors.  
 
2.4.3 Localization by Angle of Arrival (AOA) 
Angle of Arrival (AOA) based measurement found significant fame in wireless 
networks for localization [195-200]. The properties that characterize the direction of 
the radio waves propagation on the antenna array can be calculated using this 
method.  
 
The applications of AOA include geodesic location or geo-location of mobiles [201]. 
Numerous receivers present on a base station can estimate the AOA of the 
mobile’s signal and calculate the location of the mobile. AOA is also used for 
finding the location of military or spy radio transmitters. It is also used for localizing 
objects with active or passive ranging in submarines. It is also used in 
interferometry in optics. 
 
AOA positioning is a simple method. In mobile communications, the base stations 
measures the AOA with respect to an absolute reference, say north, for example 
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[74, 202]. The absolute angles can be calculated keeping in view that the location 
of the base station (xb, yb) are known and the position (xu, yu) of the user can be 
measured by transecting two lines which are passing across the base stations with 
the angles which are measured [203].  
 
The AOA positioning precision decreases with increasing distance between the 
positioning system and the mobile. So, AOA may not be suitable for many 
applications of positioning. In WLAN, the Access Points are near the mobile and 
can provide positioning precision with time based systems having equivalent signal 
bandwidth [204]. A major drawback of Angle of Arrival measurements is that it uses 
an array of sensors (microphones, antennas and ultrasonic sensors). Due to size 
and high costs, arrays are considered unsuitable for integration, but as radio 
communications attains higher frequencies, the dimensions of the antenna 
contracts and micro electro-mechanical systems (MEMS) progresses. The 
integration becomes possible in the presence of the array empowered node 
platforms. By incorporating multiple antennas in the same dimensions, a platform 
can be designed using four antenna elements, which does not cost very much.  
 
2.4.4 Localisation by Time of Arrival (TOA) and Observed Time Difference of 
Arrival (OTDOA)  
Information can either be collected by a Mobile Station (MS) from the Base Station 
(BS) or sent by the MS towards BS [74]. In the earlier case, the TOA information 
for the MS is collected by the BS and in the latter case, the information of OTDOA 
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is collected by MS transmitted from BS. TOA and OTDOA have high precision due 
to high time resolution signals. TOA location based algorithms include Analytical 
method (AM), Taylor Series method (TS), Approximate Maximum Likelihood 
method (AML), Least Squares method (LS) and Two-Stage Maximum Likelihood 
method (TSML). A brief review of location based techniques and the context in 
which they are applied are presented in Table 2-1 and Table 2-2 below. 
 
Table 2-1: Location Based Technology for the Network Solutions 
Localization 
Technology 
Abbreviation Working Obstructed Areas 
 
Cellular Identification Cell ID It detects the base station which is 
used by the mobile 
99% 
Enhanced Cellular 
Identification 
E- Cell ID Calculates the Mobile strength of the 
receiver 
99% 
Time of Arrival TOA It calculates the total time passed 
between the transmissions of signals 
from the mobile to the base station. 
- 
Angle of Arrival AOA It utilizes antennas at the base stations 
to detect the direction of the incoming 
signals. It needs 2 base stations with 
the Antennas. 
As the distance of the user 
to the base station 
increases, its accuracy 
decreases. Its 
performance is poor in 
urban areas. 
Observed Time 
Difference of Arrival; 
Time Difference of Arrival 
and Uplink Time 
Difference 
OTDOA/ TDOA It measures the Time Difference of 
Arrival of signals through handset from 
mobile units at multiple base stations. 
The degradation of signal 
occurs in the urban areas. 
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Table 2-2: Location Based Technology for the Handset Solutions 
Localization 
Technology 
Abbreviation Working Obstructed Areas 
Enhanced Observed 
Time Difference 
E-OTD It matches the Time Difference of signals sent to 
the mobile and to LMU by the base station. The 
software in the mobile handset measures the 
position. It needs 3 base stations. 
The signals degrade 
in buildings and 
urban areas. 
Assisted - GPS A-GPS It measures the mobile unit position by utilizing the 
satellites and Global Positioning Receiver 
50 to 70% 
 
 
2.4.5 Hybrid Localization AoA-ToA Based 
Hybrid localization involves both AOA and TOA. These two and more techniques 
are combined to attain a more precise position location. The accuracy of TOA or 
AOA depends on the environment [205]. However, the mobile prefers TOA where 
there are many scatterers and otherwise, AOA. 
 
2.4.6 Localization by Finger-Printing 
Finger-printing is a method in which the reference measurements at the possible 
way-points are involved to increase localization precision. When the GPS systems 
are not working, then indoor positioning systems such as locating finger prints of 
wireless local area networks are used. It uses finger-printing techniques, that is; it 
receives signal strength with respect to a location and derives the location on the 
basis of this data [206, 207]. It involves two stages, on line phase and offline stage. 
In the online stage, a site survey is done for the Received Signal Strength Indices 
(RSSIs) from the access points (AP). The vector created using the RSSI values at 
a point can be considered as the location fingerprint for that point. In offline stage, 
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many location fingerprints are gathered at each point. The drawback of this method 
is that it requires a lot of time [208].  
 
Location finger-printing involving ultra-wideband radio frequency signals is a 
provides a substitute to the traditional positioning methods which are based on the 
angle estimation, range and the strength of the received signals [209]. This type of 
finger-printing method is useful for indoor environments and uses multipath 
propagation information. It requires large bandwidth RF signals. The location 
finger-printing method comprises of two stages i.e. the training stage and the 
localization stage. In the first stage the location finger prints are gathered from the 
known position by the system, while in the localization finger-printing method, the 
location fingerprints are gathered from the agents with unknown positions and are 
matched with the training data. There are numerous approaches for matching 
these positions with the training data such as neural networks, Bayesian 
approaches, vector machines, etc. [210]. The large bandwidth gives less 
restrictions and the benefit is that a single broadcaster serves for suitable 
localization performance. The limitation of this method is that a large quantity of 
training data is needed, so the training phase becomes tedious and time 
consuming.  
 
The drawback of finger-printing is that it can attain precision of just few meters. 
More research is needed for the probabilistic method. The finger-printing method is 
effective in Wireless LAN positioning but the problem lies in locating the unknown 
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location. Two approaches have been used for solving this problem. The 
deterministic approach and the probabilistic approach [211]. In the deterministic 
method, the standard sample scan of each wireless LAN access point calculated 
for each reference point is then used to generate the database of the fingerprint. 
As the difference in the sample scan calculated at each segment is big, and it does 
not consider a lot of information present in the database, so a probabilistic method 
has been used to remove this discrepancy [212]. Information related to the average 
signal strength and the difference in each access point varies and it must be 
considered to maximize accuracy.  
 
Bayesian method has been used by the researchers to remove limitations of finger-
printing method [213]. For each fingerprint, the probability distribution is created 
using the regularity in the occurrence of each signal strength value. The main 
drawback of finger-printing method is that just a few meters’ accuracy is achieved. 
More research is needed in probabilistic methods for removing the discrepancies 
[214]. 
 
2.5  Latest Trends and Modern Applications of Location Based 
Services 
LBS Services are useful for orientation and localization [215], navigation [216], 
searching [217], identification [218] and event search [219]. Information services 
[220, 221] are the earliest application of the LBS technology. Presently, they are 
integrated into vehicles for route finding and are also used for emergency and 
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health services [222, 223]. LBSs have appeared as the most interactive technology 
for mobile computing due to the fast developments in the wireless and positioning 
technology. In order to further improve the efficiency of these services, data 
caching techniques have been used which removes the faults of the restricted 
wireless bandwidth in mobile environments [224]. Modern applications of LBS 
include the following: 
 
2.5.1  Enhanced – 911 (E911) and Enhanced – 112 (E112) Services 
The motivation behind the development of LBS technology applications in United 
States by the Federal Communications Commission (FCC) in 1996 was to locate 
mobile devices during emergency calls [225]. This service was named Enhanced - 
911 or E911 [226]. The need arose as calls from the mobile phones showed a 
growing percentage of emergency calls which reached 45 million in 2001. A similar 
service with the name of E112 was promoted in European Union countries [227, 
228]. About 40 million calls were made through the mobile phones in 2011 out of 
which 15% were not addressed due to the insufficient or non-availability of the 
location of the callers. Public Safety Answering Points (PSAPs) were used to find 
the location and number of the caller [229] . The network based solutions such as 
Automatic Location Identification (ALI) for wireless carriers are used to find the 
location of the user within 150 to 300 meters of their location [230]. 
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2.5.2 Mobile Guides 
Mobile guides are information rich, movable and location sensitive digital guides 
which provide information that is related to the surroundings of the user [231, 232]. 
They are the largest group of LBSs applications which are portal and information 
rich digital guides [233, 234]. The mobile guides were categorized on the basis of 
geo-positioning (GPS, Wi-Fi, etc.), architecture, adaptation (handling), situational 
factors, interfacing, network access and map boundaries [233, 235-237]. Mobile 
guides are also being used for mobile social networking [238]. Mobile guides exist 
in different categories such as resource adapted (having regular patterns for use), 
resource adaptive (has a single strategy for the use of resources) and resource 
adapting (uses multiple strategies).  
 
2.5.3 Transport Location Based Services 
Intelligent Transport Systems (ITS) is a rapidly growing technological concept for 
the incorporation of the information between the extensive variety of organizations 
working in transport planning and functioning [239-241]. The intelligent systems 
hold the capability of performing situational analysis and adaptive rationalizing 
[242]. The future of transportation system is effective, time saving, economical, and 
will be much safer for the well-informed users than now. ITS have grown to the 
establishment of institutions like the ITS and Services for Europe (ERTICO) [243, 
244]. The International Standard systems such as ISO 14813 (ISO 2007) have also 
played a vital role in its advancement. The technologies used for ITS, are known as 
telematics and include wireless communications, geo-positioning, spatial 
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databases and mobile computing platforms. The transport LBS include but are not 
limited to services like assistance for the drivers [245-247], information for the 
passenger, management of the vehicles and applications involving vehicle-to-
vehicle communication [248]. The services provided by traffic telematics includes 
automatic configuration of appliances and features inside the vehicles, navigation, 
detection of faults and broadcasting of caution messages [249, 250]. Traffic 
telematics are also used to calculate the distance between the various vehicles in a 
fleet and between a vehicle and its destination [251]. Today computer hardware 
and software are used in vehicles for monitoring fuel usage and releases, engine 
performance, brake performance and for handling electrical systems [252]. The 
user services for travel and traffic management comprise collection and 
broadcasting of information and dispensation for the external transportation 
system. These services are used for providing commands to different traffic control 
devices [253]. Traffic telematics promotes exchange of data between service 
providers and the vehicles which helps in improving traffic management processes 
[254]. Today with the advancement of the wireless communication systems, 
vehicles are fitted with wireless communication devices which enable them to 
communicate with other vehicles [255]. Vehicular networks can also enable 
vehicles to transmit information in case of any accident or obstacles. Fleet 
management is another interactive service in transportation system. The fleet 
management systems provide freight services, public transportation and 
emergency services. The fleet asset and management units are wireless handsets 
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or devices that track the fleet of vehicles and facilitates in faster transportation 
through different modes [256].  
 
2.5.4 Location Based Gaming 
Location based games are the computer games in which the game development 
depends upon the real-world location of the player (user) [257-259]. Multiplayer 
games include street games and urban games. The characteristics of location 
based gaming include movement, communication in public, specification of the 
location and incorporation of the digital world and the real physical world [260]. In 
pervasive gaming, real world games, supplemented with the functionality and the 
power of computer and the entertainment provided by the computers are brought 
to life [261-264].  
 
2.5.5 Location Based Health and Assistive Technology 
LBSs play a vital role in fulfilling the navigational needs of the visually impaired 
people [265-268]. MoBic (Mobility of Blind and elderly people) was the first system 
to be used to help the elderly and visually impaired. This system helped the 
visually impaired and elderly people in finding destination and location of the route 
[269]. It informs the traveller about the journey through a map. It was made up of a 
MoPS (MoBic Pre-Journey System) and a MoODS (MoBic Outdoor System). A 
MoPS considers the account preferences of the users, distance and time for 
travelling in order to measure the direction. The MoODS uses the information 
measured by MoPS to keep the user informed through warning and audio guides. 
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A famous wireless pedestrian navigation system is Drishti which is used both 
indoors and outdoors for the guidance of visually impaired and special persons. It 
provides route and destination information to the users. This system uses Routing 
according to the user preferences and also take in account the shortest route [270]. 
The dead-reckoning method can be used for outdoor movement  and for indoor 
environments protective ultrasonic sensing is used [271]. Information of the route is 
downloaded on the device of the user. Any new information related to the direction 
or obstacle is uploaded by the device to keep the server updated. It guides the 
users through various transportation means such as buses, trains, footpaths, 
trams, etc. It takes use of the mobile devices with Global Positioning System 
capabilities, wireless connection and voice production. Location based health 
services have also been developed to track the mobility of the patients and old 
persons [272]. Ambient Assistant Living (AAL) system is an LBS system which 
provides location information in indoor environments. For example; it gives help to 
old people living alone to perform their daily tasks. It also provides information to 
elderly people about the location of shopping stores and public places. It also helps 
to find a specific product within a shop [273]. Location based health services have 
also been used for monitoring the health of children [274] and for measuring health 
and fitness [275]. In [276] the research was conducted on around developing an 
assistive technology to improve the mobility of manual wheelchair’s user. During 
the research, questionnaires were also designed based on the seven key 
principles of universal design. Per the questionnaires, the users of manual 
wheelchair are fatigued and suggested a change in the type of hub (rather than its 
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location) to improve the speed of the wheelchair. The solution has been developed 
on the following: parameter changes (wheelchair), mechanical substitution and 
self-service. In [277] a system is presented that supports cognitively impaired 
people in their daily activities. The most interesting part of the research is to 
generate user friendly names for streets and various routes based on user context 
– especially for people who aren’t accustomed to using new technologies e.g. 
elderly people. The system also enables the relatives of the user to establish tasks 
that must be performed at specific locations and to monitor the activities of the user 
to detect potentially risky situations. 
 
2.5.6 Mobile Marketing 
Mobile advertising or marketing is an interactive LBS which works in the same way 
as directory services. It involves all the activities undertaken in order to 
communicate with the customers by using mobile devices for promoting the sale of 
products or services and for providing information to the customers about the 
products and services [278]. It has two categories namely pull model and push 
model. The information can be requested using the pull mode from the marketer, 
while it can be sent from the marketer to the customer in push mode although it is 
not requested by the customer [279]. Interactive and personalization of the content 
message is possible in mobile marketing [108]. In [280], a method is presented to 
implement some trust level so that only genuine mobile users can use the system 
and identify malicious users. For this purpose, it is proposed by the authors to store 
the IMEI number of the mobile devices in a central controller. The system can also 
39 
 
be deployed on cloud server for storing the distributed data. In [281], a business 
model is presented for internet and mobile based marketing for smart parking 
operators with a focus on personalisation of advertisements. This method can be 
used to increase parking operator’s revenues and thus attract more investments in 
the future. Among the variety of mobile services, significant attention has been 
dedicated to mobile marketing specifically to mobile customer relationship 
management (CRM) services. In [282] authors investigate which type of mobile 
marketing has a significant relationship with which type of CRM. The research 
done in this project also proves that future is brighter for mobile advertising rather 
than any other type of advertising. 
 
In [283], the potential of using mobile marketing for increasing the value for 
customers and retailers has been has been explored. It has been observed that the 
consumer behaviour on mobile shopping is an extension of their behaviours 
developed on internet connected PCs. However, new behaviours are also 
integrated during this such as camera, scanners and GPS. This concept is 
specifically useful for development of managerial concepts related to mobile 
marketing. 
 
The growth of Location Based Social Networks (LBSNs) has greatly enhanced the 
people’s urban experience through social media and so the number of users has 
increased exponentially. Vast amount of data related to human behaviour is 
available – Big Data -  and so there is an opportunity to apply advanced data 
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analysis tools and algorithms to build our learning on this data. In [284], the 
background, framework and distinct properties of location based mobile social 
networking are presented – illustrating the application of data mining to real world 
location based social networks.  
 
In [285] the authors have investigated  the customers’ privacy concerns, and their 
attitude towards the Mobile based Location Based Advertising (LBA). The sample 
data comprised of 224 cases in which consumers’ acceptance of LBA was found. It 
was found that although customers viewed LBA in a positive way, the information 
privacy concern influenced their overall perception of the LBA and its types, 
namely push (product/service information relayed) versus pull (customer 
information collection + processing). It is crucial to understand the customers’ 
attitude and acceptance of LBA before adopting either a push or a pull model. 
 
2.5.7 Community Based Services  
These services are location supported having personal interaction component and 
a central communication system [286]. Online social networks are using Location 
Based Services to assist social networking and for discovering places [287]. Virtual 
mobile communities comprise users who communicate with each other and interact 
with each other electronically through mobile devices [288]. Community based 
services have facilitated visually impaired persons as they provide advanced 
navigation in urban areas where satellite systems have failed to do so as the 
signals get degraded due to obstacles such as buildings. Community based 
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location services enable the community members to interact with each other 
through services such as mapping my friends (finding the physical location of 
friends), friend alert (when friends visit each other they get alerts) and portable 
messages [289]. Localization and tracking of pedestrians involves a combination of 
active and passive positioning systems. It involves multi sensor systems which not 
only detects the location of objects and person but also provides precision related 
to the position [290]. The GSM signal strength finger-printing provides better indoor 
and outdoor localization techniques. This method is useful for delivering warning 
messages related to weather or in case of emergency traffic situations. It is also 
useful for tracking people inside a building [291]. 
 
 In [292], a system for real-time event detection, tracking, monitoring and 
visualisation has been developed. The main motive behind the project was to help 
Information/Data Analysts to gain a better comprehension of complex events as 
they unfold in the world. At the end, the information is used to categorise security 
relevant events which are then tracked, geo-located, summarised, and visualised 
for the end user. 
 
Lighting systems are undergoing a revolution from fluorescent lamps or tubes to 
light emitting diodes that offer an energy efficient solution and longer lifetime. In 
[293], a low-cost deployment solution has been presented for a system that uses 
the characteristics of visible light to complement existing wireless communication 
systems. The proposed system has following three features: (a) It provides a 
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provable and secure wireless communication capability – the user is authenticated 
based on their location (b) It also offers high precision indoor positioning system (c) 
and most importantly it offers broadcast of information with a high frequency reuse 
factor. So, the system presents a novel approach to authentication based on user’s 
location. 
 
2.5.8 Crime Fighting 
LBSs have the potential to be used in fighting terrorism as the suspects can be 
watched and tracked through this service. RFID services can be used for biometric 
passports and for managing disaster. GPS devices are used for monitoring 
emergency response teams at crime sights [294]. Control and management of 
information for national security can be done through the use of LBSs as terrorists’ 
organizations can use the government websites for planning terrorist attacks [295]. 
Theft of vehicles and bikes are also controlled by installing tracking devices in them 
[296]. [296] emphasized that location based services offers remarkable benefits in 
safety and security areas such as by tracking criminals, lost vehicles, mobiles, etc. 
and by responding to the emergency calls. The emergency response time has 
been greatly reduced due to the use of location based services [297]. Law 
enforcement agencies are increasingly using facial recognition software as a 
crime-fighting tool. Mobile Cloud Computing (MCC) enforces the idea of moving 
most of the processing and storage capability of the mobile phone to the cloud. In 
[298], an efficient architecture has been presented that enables the face 
recognition algorithms to run on the smartphone and reduce overall processing 
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time. Digital media has greatly enhanced the capability of information systems. 
Although, the humanity has benefited from this revolution, it has also resulted in 
new methods of forged authentication. Therefore, in, the methodologies to fight 
against these forgery attacks has been presented. 
 
Urban crime rates are expected to increase keeping in line with the population 
growth by the year 2030. Studies have shown that crime only increases in certain 
areas of an urban landscapes. This has attracted the attention of spatial crime 
analysis that primarily focuses on crime hotspots that are basically the areas with 
disproportionally higher crime density. The problem might arise if areas outside of 
hotspots are overlooked and proper analysis techniques aren’t applied. Therefore, 
in [299] Crimetracer, has been developed that enables an accurate crime location 
prediction outside of hotspots. A probabilistic model of spatial behaviour is 
proposed within the activity space of the known offenders.  
 
The fear of crime has been the central theme in criminological research from the 
1970s onwards. The research methodologies used in these projects have been 
well documented and revolve around neighbourhood effects. However, the specific 
location of home has been largely overlooked during these researches. Therefore, 
in [300], the fear of crime was examined from a location based approach and took 
neighbourhood and location of one’s home into perspective. The demographic data 
was also used in relation to the research to find the variations in fear of crime 
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across racial/ethnic groups.  
 
2.5.9 Real Time Shopping 
LBSs involving indoor positioning have made it possible for the exploration of 
products and things existing in the physical world as simple as it can be performed 
on the internet. In stores, indoor positioning technology has been utilized to find 
products on shelves and for other in-store services. Hence, by doing so, the 
shoppers involve themselves in real time shopping experience, similar to as they 
do on the internet [301].  
 
In [302], context aware automated service system was developed that basically 
worked as “Intelligent Shopping-aid Sensing System (iS3). For recognition, 
collection and delivery of user contexts, RFID is used. Another benefit of using 
RFID is that the information of products e.g. locations, specifications and 
characteristics are collected quickly. Local applications were also developed that 
enabled real time interactions between central system and end users. 
 
The scientific community is continuously exploring new services that make 
effective use of the developing wireless technologies. In [303] the authors focus on 
connecting various sources of information based on the protocol stack of IEEE 
802.11 and Bluetooth interfaces. The corresponding software architecture along 
with the preliminary results for the tracking of visitors in smart shopping 
environments has been presented.  
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2.5.10 Information and Entertainment 
LBSs such as Facebook, Gowalla, Where, GeoLife2 [304] and Foursquare [305] 
utilize the geo-location function of a mobile phone or smart phone to deliver 
infotainment to people. Facebook places controls the prevailing Facebook network 
of more than 500 million users for sharing, connecting with friends and finding local 
transactions [306]. Hence, these services provide free advertising and promotion of 
products and services [307]. It permits the customers to “Check in” places such as 
hotels, airports, restaurants for transacting physical and intangible rewards. Yelp 
website provides rating and reviews and their mobile applications allow customers 
to check and review stores, hotels and restaurants. Similarly, WHERE facilitates its 
customers in locating things and providing suggestions to them regarding 
purchasing products or services.  
 
2.5.11 Location Based Services in Politics 
During the 2009 elections, many social networking sites such as Facebook, 
Twitter, Youtube, etc. provided platform to the politicians to express their views and 
policies in front of the public. Lots of politicians such as the president of the United 
States, Barack Obama and former president of Pakistan, General Pervaiz 
Musharaff used Facebook to express themselves before the public. In the case of 
Barack Obama political campaign, there was found a cause and effect between the 
votes and social media. Foursquare issued an “I Voted” badge and a website that 
was a combined effort with the Pew Center, Google and Rock the Vote. It truly 
demonstrated that location based services can influence elections. It was a test run 
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for the 2012 presidential elections. The users were encouraged to check in at their 
voting location and to attain the distinct limited-edition badge. This project had 
50,416 check-ins obtained from 23,560 variant venues. It was considered that the 
Foursquare badge got minimum one person out to vote.  
 
This idea followed the idea of Howard Dean's online micro donation. It was found 
that approximately 15% of Americans with ages 18 and over took part in the 2008 
presidential election using social media networks such as Facebook. 
  
Hence, LBSs can be used in almost all fields of life for improving the standard of 
living and making communication system better. However, the use of LBSs may 
not have succeeded well in collecting real time images such as photos. Meanwhile, 
the use of LBS in the MOPSI applications, as by using the split smart swap 
clustering method, the disorder problem in map visualization can be reduced and 
photo collections can be clustered through the use of grid based clustering with 
bounding box method [308]. LBSs are also used for localizing the position of the 
Robots and mapping the environment [309]. LBS applications are also used in 
Geographical Information Systems as it provides spatial analysis opportunities 
[310]. The beginning of mobile communication technologies, such as General 
Packet Radio Service (GPRS) and then the evolution of Universal Mobile 
Telecommunications System (UMTS) has empowered users of mobile devices to 
use internet regardless of time and place [311]. LBS services involve client/server 
relation, while LBA involves IT applications based on geo-spatial locating. Both use 
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real time for location objects or users and are suitable for mobile applications [312]. 
It has been reported that LBSs can provide multiple services ranging from tourist 
navigation to rescue systems for managing disaster. These services were 
developed separate from the geographic information Service (GIS) stream used for 
the wireless services, but today more than 80% of data being supplied is the 
spatial form (2D map) Hence, location based services are also a special kind of 
GIS [313].  
 
So far, LBS are basically mobile applications which provide information that are 
related to the location of the users. These services are quickly capturing the market 
and have tremendous growth opportunities [314]. The position of a user or object 
can be informal, absolute or relative to a certain point whether they are located 
through Bluetooth, infrared, RFID, mobile or through satellites [315]. Today LBSs 
have a well-established role in value added services and their applications are 
continuously growing [316]. Calculating the distance error through uncertainty and 
confidence constraints is useful in locating the position of a user or object but the 
Distance error produces inconsistent location estimates [316]. Reinforcing LBS 
needs focusing on a number of issues such as software, hardware, network 
structure, security, database, etc. [317]. The application of the location based 
technologies depend on well-established and accessible multi layered client server 
technologies. The fundamental infrastructure to assist LBS applications is 
developed to assist mobile client functions with wireless communication [131].  
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Another application of location based services deployed by the government is to 
assist people with the management of emergencies via their mobile phones. 
Therefore, in [318] the viability of location based mobile emergency services has 
been assessed. The study was conducted in a three-pronged way: (a) exploring 
the challenges of location based services and their use at a national/country level 
for emergency management (b) investing the impact of these of these services in 
terms of behaviours and attitudes (c) understanding the social acceptance or 
rejection of these services and outlining the factors that determine their 
acceptance. The common theme found in the results is the trust factor: the 
collection of personal location information adversely affected the trust level. 
 
2.6 Conclusion 
Location based services have been elaborately reviewed in this chapter. It is used 
to give services in both public and business sectors. Some of which include 
tracking services for old and disabled persons, monitoring health of patients, 
navigational services at the airports, traffic telematics, fleet management, enquiry 
and information services, crime fighting, toll systems, marketing, gaming, 
geography mark-up and community services.  
 
The localization infrastructure for LBS include LBS indoor systems, LBS satellite 
systems, LBS GPS system, outdoor systems using terrestrial BSs and LBS 
Outdoor Systems using terrestrial BSs. The techniques for the existing localization 
were also enumerated. Different solutions for improving the existing LBS 
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technology and services were described. The modern applications of Location 
Based Services include Enhanced – 911 (E911) and Enhanced–112 (E112) 
Services, mobile guides, transport location based services, location based gaming 
and location based health and assistive technology. The emergency and location 
based health applications have assisted in saving lives of people and improving the 
standard of living of people. The prospects of LBS are very high as with further 
research the existing technologies can be improved and new ones can be created.  
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Table 2-3: Applications of Location Based Services Discussed in This Chapter 
LBS 
Technique 
Category Application (Example if 
any) 
Positioning Architecture Presentation Delivery Use Case Adaptivity 
Enhanced 
911 or 
E911 
Emergency 
Services 
Rescue, emergency 
and Disaster 
Management 
GPS 
 
Client/Server MAP/Book Push/ 
Pull 
Mobile 
Search 
Adapted 
Enhanced 
112 or 
E112 
Emergency 
Services 
Rescue, emergency 
and Disaster 
Management 
GPS Client/Server MAP/Book Push/ 
Pull 
Mobile 
Search 
Adapted 
Mobile 
Guides 
Digital 
Guides 
Provides information 
about the surroundings 
of the user. Tourism/ 
Guide 
GPS/WiFi Client/Server MAP/Book Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adapted/
Adaptivity 
 
i)Archetypa
l Mobile 
Guide 
Mobile Digital 
Guides 
Tourism and Transport GPS Client/Server MAP/Book Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adapted/
Adaptivity 
ii) Location 
based 
video 
Mobile Digital 
Guides 
Museum (Sotto Voce, 
LISTEN, etc.) 
GPS/WiFi/I
R 
Broadcast Book/Speech
/SoundScape 
Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adaptive/
Adapted 
iii) Speech 
Oriented 
Systems 
and 
Speech 
based 
Navigation 
Describers 
Mobile Digital 
Guides 
(Transport and 
Museum) 
BPN, REAL, etc. 
 
GPS/WiFi/I
R 
Broadcast MAP/Speech
/VR 
Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adapting 
iv) Event 
triggered 
systems 
Mobile Digital 
Guides 
Phone Guides, Marble 
Museum, etc. 
RFID/Tags Event Trigger MAP/Book/S
peech/Video 
Imagery 
Push/ 
Pull 
Mobile 
Search/Tour 
Adapted/
Adaptive 
 
Vehicular 
Ad-Hoc 
Networks 
(VANETS) 
 
MANETS 
Vehicle to Vehicle 
(V2V) and Inter 
Vehicle 
communications (IVC). 
Wireless 
Access for 
Vehicular 
Environme
nt (WAVE) 
Event Trigger MAP/Book/S
peech/Video 
Imagery 
Push/ 
Pull 
V2V and IVC Adapting 
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Communic
ation 
devices 
Intelligent 
Transport 
Systems 
and 
Services 
for Europe 
(ERTICO). 
Intelligent 
Systems 
Driver assistance, 
passenger information, 
vehicle management, 
vehicle-to-vehicle 
applications and Fleet 
Management. 
Telematics 
(wireless, 
geo 
positioning, 
spatial 
databases 
and mobile 
computing) 
Broadcast 
and 
Client/Server 
 
 
MAP/Book Push/ 
Pull 
Mobile 
Search/Tour 
Adapting 
Outdoor 
and 
Computer 
Board 
Games 
Location 
Based 
Gaming 
 
Street and urban 
games. Geocaching. 
GPS Client/Server MAP/Book Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adaptive 
/Adapting 
Technology 
for Visually 
impaired 
and elderly 
people 
Location 
Based Health 
and Assistive 
Technology 
Assistance of visually 
impaired and elderly 
people ( MoBic, MoPS, 
MoODS, NOPPA  
GPS. 
DGPS and 
Dead 
Reckoning 
and 
Ultrasound 
sensing. 
Client/Server MAP/Book/S
peech 
Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adapting 
Mobile 
Advertising 
Mobile 
Marketing 
Online marketing and 
advertising 
GPS Client/Server MAP/Book Push/ 
Pull 
Mobile 
Search/Tour/ 
Adapting 
Community 
Based 
Services 
Location 
Based 
Community 
Services 
(LBCS) 
Online social 
networking (Mapping 
my friends Friend Alert 
Portable Messages. 
GSM Client/Server MAP/Book Push/ 
Pull  
Mobile 
Search/Tour/ 
Adapting 
Crime 
Fighting 
LBS 
Location 
based 
security and 
safety 
services 
Crime Fighting 
(tracking criminals, lost 
vehicles, mobiles, etc.) 
RFID and 
GPS 
Broadcast MAP/Book/S
peech/video 
imagery 
Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adapting 
Geographic
al 
Information 
MOPSI 
applications 
Robots and mapping 
the environment 
(SLAM) 
GPRS and 
UMTS 
Client/Server MAP/Book/S
peech/video 
imagery 
Push/ 
Pull 
Mobile 
Search/Tour/
Navigation 
Adapting 
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Systems 
LBS in 
politics 
Location 
Based 
Community 
Services 
(LBCS) 
Political campaigns  GPS/WiFi/
GPRS 
Broadcast 
Client/Server 
MAP/Book/S
peech/video 
imagery 
Push/ 
Pull 
Voting/politic
al rallies 
Facebook, 
Gowalla, 
Where and 
Foursquare 
Adapting 
 
Information 
and 
Entertainm
ent 
Location 
Based 
Community 
Services 
(LBCS) 
Online social 
networking 
GPS/WiFi/
GPRS 
Client/Server MAP/Book/S
peech/video 
imagery 
Push/ 
Pull 
Search/Shop
ping/in-store 
services 
Facebook, 
Gowalla, 
Where and 
Foursquare 
Adapting 
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3. NEW SIGNAL SUBSPACE BASED ANGLE 
OF ARRIVAL ESTIMATION ALGORITHM 
3.1 Introduction 
Latest advancement in technology and consumer demand has created a great deal 
of interest in the subject of identifying the spatial relationship between different 
objects. This procedure is referred to as localisation and has found wide spread 
applications [319-321]. When the earth is used as the reference frame in 
localization operations it is referred to as Geolocation. The data collected for these 
applications however is useless without the accurate location information of the 
transmitter node. The direction-finding algorithms have a key role to play in the 
smart antenna technology of the future as the Global Positioning System (GPS) 
technology has restrictions due to the requirement of Line of Sight (LOS) between 
the satellite and the GPS receiver [322]. These algorithms are required to precisely 
estimate the bearing angle on the receiver array which is highly important for both 
military and non-military services. The accuracy of these algorithms is extremely 
important when it concerns the emergency response services. The massive 
enhancement in the smart antenna technologies in the past decade has triggered 
an increased interest in the field of direction finding (DF). In smart antenna 
technology, multiple antenna elements can be combined using digital signal 
processing (DSP) to adjust the antenna radiation pattern per surrounding channel. 
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These smart antenna systems can improve the capacity of the cellular wireless 
networks through beam steering [323]. To steer the beam into the direction of the 
right user who is requesting access to the network resources it is important that the 
right estimate of the user location be calculated. In [324] and [325, 326] the authors 
have provided detailed references and quantification of the performance of the 
existing localisation techniques. Localization techniques have been applied to a 
variety of applications including autonomous mobile robot navigation [327-330], 
Underwater navigation [331], public health and social medial [332] [333, 334], 
emergency services [335] etc. 
 
This chapter is arranged as follows. Section 3.2 presents the mathematical model 
for deducing the direction of arrival using antenna arrays and then presents a 
review for some of the well-known Angle of Arrival estimation techniques which 
have been employed in this work 1) Interferometry 2) Classical Beamformer 3) 
Capon’s Minimum Variance Distortionless Response (MVDR) and 4) Super 
resolution Eigen decomposition based Multiple Signal Classification (MUSIC) 
algorithm. Section 3.3 presents the mathematical model of the Novel proposed 
algorithm. Results and discussion are presented in Section 3.4 followed by the 
conclusion in Section 3.5. 
 
3.2 DOA Estimation Algorithms Using Antenna Arrays  
The direction of arrival problem relates to the estimation of ሺ߮, ߠ) where ߮ stands 
for the azimuthal angle and ߠ stands for the elevation angle of the impinging plane 
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wave on an antenna or an array of antennas. The plane wave is assumed to be of 
constant frequency and has infinite parallel wave fronts with constant amplitudes. 
In a (1-D i.e. one-dimensional plane the estimation problem reduces to only the 
estimation of the azimuthal angle ߮; 
The expression for the plane wave that impinges at point ܠ at time t can be written 
as: 
sሺܠ, tሻ ൌ Ae୨ሺ઺.ܠିன୲ሻ	 3-1 
 
 
  
(a) (b) 
Figure 3-1: Geometry representing the DOA of the signal as an azimuth and 
elevation angle pair on an antenna array 
 
where A is the peak amplitude, β ൌ ଶ  is the wave factor, λ ൌ c/f  is the wavelength 
of frequency f, c is the speed of light and ω is the angular frequency defined as 
 
 
58 
 
ω ൌ 2πf. Using the above equation 3-1, the arriving signal at an antenna located at 
ሺxଵ,xଶ, xଷሻ with origin ሺ0,0,0ሻ can be defined as: 
sሺܠ, tሻ ൌ sሺ૙, tሻe୨ஒሺ୶భୡ୭ୱ஦ୱ୧୬஘ା୶మୱ୧୬஦ୱ୧୬஘ା୶యୡ୭ୱ஘ 3-2 
If there are M	omnidirectional isotropic antennas that have a unity gain arranged in 
a uniform linear array (ULA) with uniform spacing d between them on the xଵ-axis 
then the arriving signal at the mth element can be described as: 
s୫ሺtሻ ൌ s൫ሺmd, 0,0ሻ, t൯ ൌ sሺ૙, tሻa୫ሺφ, θሻ 3-3 
where, ܽ௠ is the steering factor of the ݉௧௛ element and is equal to: 
a୫ሺφ, θሻ ൌ 	 e୨ஒ୫ୢୡ୭ୱ஦ୱ୧୬஘ 3-4 
The above equation 3-4 describes a progressive phase shift 
βmdcosφsinθ ൌ 	2πλ mdcosφsinθ ൌ 2πf
mdcosφsinθ
v ൌ fλ ൌ 	ωtୢ 
 3-5 
 
Figure 3-2: Uniform Linear Array 
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Equation  3-5 represents the time tୢ	it will take the plane wave to propagate 
mdcosφsinθ in the direction of the incident wave.  
 
Now for the case of uniform circular array (UCA) with element spacing of ૛࣊ࡾࡹ  
arranged on a circle of radius R the arriving signal at the m୲୦ element can be 
described as  
s୫ሺtሻ ൌ sሺRe
୨ଶ஠୫
୑ , tሻ ൌ sሺ૙, tሻa୫ሺφ, θሻ 3-6 
where in this case, the antenna factor for the m୲୦ antenna can be described as: 
a୫ሺφ, θሻ ൌ 	 e୨ஒୖୱ୧୬஘ୡ୭ୱ	ሺ஦ି
ଶ஠୫
୑ ሻ 3-7 
For simplicity from here onward unless otherwise stated it is assumed that the 
elevation angle ߠ ൌ 90 making ݏ݅݊ߠ ൌ 1.  
 
3.2.1 Interferometry 
The principle of interferometry states that if a plane wave arrives at an antenna 
array with an angle it will be received by two different elements with a time delay 
due to the difference in the length of the path. This path length difference results in 
a phase difference between signals received by antennas.  
∆߮ ൌ ൬2ߨߣ ൰݀ cos ߮ ݏ݅݊ߠ 
3-8 
To estimate the angles some baselines should be defined. To form two baselines 
three antenna elements are necessary which can be placed on an equilateral 
triangle. The phase measurement techniques are analogue, digital and Fourier 
transform. 
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In correlative interferometry at each wave angle the measured phase differences 
are compared with the reference phase differences for the direction finding (DF) 
antenna. The column of measured phase angles is moved through the matrix of 
reference phase angles and the values with maximum correlation are used. This 
value corresponds to the angle of arrival of the incoming signal. 
 
The reference phase differences or “array manifold” is measured during the 
calibration process, in which a model is designed to understand the behaviour of 
the antennas. The theoretical array response values might be considerably 
different in practical so it is very important that the non-ideal aspects of the system 
should be considered while making a theoretical model to increase accuracy of the 
practical systems. A signal is transmitted to the receiver using known locations and 
regular azimuthal and frequency stepping. The differential phase and the amplitude 
values are then used to form a calibration table. Figure 3-3 depicts an example of 
the correlative interferometry. The data set is from an antenna array of 5-elements 
and the columns in the data matrix represent the direction and are used to form a 
comparison vector. The measured phase differences are contained in the upper 
data vector. In the reference and measurement vector matrices each column is 
correlated between the two matrices. Thus, the angle that will be linked with the 
comparison vector matrix because of the maximum correlation will be the true 
angle. 
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Figure 3-3: Correlative Interferometer 
 
3.2.2 Conventional or Classical Beamformer 
This method was proposed in [336] .If there are M	omnidirectional isotropic 
antennas that have a unity gain arranged in a uniform linear array with uniform 
spacing d between them on the ܠ૚ axis as shown in Figure 3-2 then the input at 
each element in the presence of noise can be written as  
u୫ሺtሻ ൌ 	 a୫ሺφሻsሺtሻ ൅	n୫ሺtሻ 3-9 
where a୫ሺφሻ for a ULA with sinθ ൌ 1 can be written as: 
a୫ሺφሻ ൌ 	 e୨ஒ୫ሺୢ ஛ൗ ሻୡ୭ୱ஦ 3-10 
The conventional beamforming method introduces a phase delay in the signals and 
weights and then sum them together as the output yሺtሻ which can be written as: 
yሺtሻ ൌ ܟୌܝሺtሻ 3-11 
Substituting the value of ܝሺtሻ from equation 3-9 into equation 3-11 gives: 
yሺtሻ ൌ ܟୌ(܉ሺφሻsሺtሻ ൅ 	ܖሺtሻሻ 3-12 
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yሺtሻ ൌ ሾw଴∗	wଵ∗ …	w୑ିଵ∗ ሿ൮൦
a଴ሺφሻ
aଵሺφሻ⋮
a୑ିଵሺφሻ
൪ sሺtሻ ൅	൦
n଴ሺtሻ
nሺtሻ
⋮
n୑ିଵሺtሻ
൪൲ 
3-13 
where ܉ሺφሻ is the steering vector and ܟ are the weights or beamforming vector. 
The pseudospectrum of the DAS beamformer can be written as: 
Pୈ୅ୗ ൌ ણሼ|y୲|ଶሽ ൌ 	Εሼ|ܟୌ ܝሺtሻ|ଶሽ ൌ Εሼܟୌܝሺtሻܝୌሺtሻܟሽ	 
ൌ ܟୌણሼܝሺtሻܝୌሺtሻሽܟ 
ൌ ܟୌ܀୳୳ܟ 
3-14 
R୳୳ is the autocorrelation matrix of the data received from the array. 
R୳୳ ൌ 	ણሼܝሺtሻܝୌሺtሻሽ ൌ 	ણሼሾ܉ሺφሻsሺtሻ ൅ ܖሺtሻሿሾsሺtሻ܉ୌሺφሻ ൅ ܖୌሺtሻሿሽ 
ൌ σୱଶ܉ሺφሻ܉ୌሺφሻ ൅ σ୬ଶI୑୶୑ 
3-15 
where ߪ௦ଶ ൌ 	ણሼݏଶሺ݇ሻሽ represents the signal power and ߪ௡ଶ ൌ 	ણሼ݊ଶሺ݇ሻሽ is the noise 
power. 
If a signal sሺtሻ with an azimuthal angle of φ଴ arrives at the array, then the 
maximum output of the beamformer with no noise present would be maximum for 
ܟ ൌ ܉ሺφ଴ሻ thus aligning the phases of the antenna element input so that the 
components of the incoming signal can add constructively. Thus, the estimated 
angle can be any value of φ that will maximise the following: 
Pୈ୅ୗሺφሻ|ܟୀ܉ሺ஦ሻ ൌ 	ܟୌR୳୳ܟ|ܟୀ܉ሺ஦ሻ ൌ 	܉ୌሺφሻR୳୳܉ሺφሻ 3-16 
Equation 3-16 is referred to as the spatial spectrum of the DAS (Conventional) 
beamformer whose peaks can be determined to estimate the azimuth angle of 
arrival. 
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3.2.3 Capon’s Minimum Variance Distortionless Response Algorithm 
 
This method was proposed in [337] to improve the poor resolution of the 
beamformer method as shown in Figure 3-4. This method also measures the 
received signal power in all directions possible and suppresses the contribution of 
the unwanted signals by modifying the spatial spectrum. This modification is 
accomplished by solving the constrained minimization equation below and then the 
resultant constrained optimal weight vector ࢝௖ in Equation 3-14.  
Min୵ણሼ|y୲|ଶሽ ൌ 	Min୵ܟୌR୳୳ܟ	condition:	ܟୌ܉ሺφሻ ൌ 1 3-17 
Equation 3-17 can be solved using the Lagrange multiplier 
J ൌ 12ܟ
ୌR୳୳ܟ	 ൅ 	λሺܟୌ܉ െ 1ሻ; 3-18 
ە
۔
ۓ ∂∂ܟ J ൌ 	R୳୳ܟ ൅ λ܉ ൌ ૙; 				ܟ ൌ 	R୳୳
ିଵλ܉																																						ሺ1ሻ	
∂
∂λ J ൌ 0;	ܟ
ୌ܉ ൌ 1	 → 	λ܉ୌR୳୳ିୌ܉ ൌ 1; 	λ ൌ 	 1܉ୌR୳୳ିୌ܉										ሺ2ሻ ۙ
ۘ
ۗ
 
3-19 
Equation 3-19 results in  
ܟୡ ൌ 	R୳୳ିଵλ܉ ൌ 	 R୳୳
ିଵ܉ሺφሻ
܉ୌሺφሻR୳୳ିଵ܉ሺφሻ 
3-20 
Substituting Equation 3-20 in Equation 3-17 results in Capon’s Pseudospectrum: 
Pେୟ୮୭୬ሺφሻ ൌ 	ܟୌR୳୳ܟ ൌ ቀ ୖ౫౫
షభ܉ሺ஦ሻ
܉ౄሺ஦ሻୖ౫౫షభ܉ሺ஦ሻቁ
ୌ R୳୳ିଵ 	 ୖ౫౫
షభ܉ሺ஦ሻ
܉ౄሺ஦ሻୖ౫౫షభ܉ሺ஦ሻ = 
ଵ
܉ౄሺ஦ሻୖ౫౫షభ܉ሺ஦ሻ 
3-21 
The disadvantage of using the MVDR method is that it requires computation of 
inverse matrix which can become ill conditions in the presence of highly correlated 
signals. 
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Figure 3-4: Performance Comparison Between the Beamformer and Minimum 
Variance Distortionless Response 
 
 
3.2.4 Subspace Based DOA Estimation Method of Multiple Signal 
Classification (MUSIC) 
Schmidt proposed this method to estimate the direction of an incoming plane wave 
in the presence of noise [39].  
The linear combination of L incident signals and noises arriving at an M-element 
array can be written in a form of a as: 
ܝሺtሻ ൌ 	෍ ܉ሺφ୪ሻs୪ሺtሻ ൅ ܖሺtሻ
୐ିଵ
୲ୀ଴
ൌ A	ܛሺtሻ ൅ ܖሺtሻ 3-22 
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൦
u଴ሺtሻ
uଵሺtሻ⋮
u୑ିଵሺtሻ
൪ ൌ ൦
a଴ሺφ୭ሻ … a଴ሺφ୐ିଵሻ
aଵሺφ୭ሻ … aଵሺφ୐ିଵሻ⋮
a୑ିଵሺφ୭ሻ
…
…
⋮
a୑ିଵሺφ୐ିଵሻ
൪ ൦
s଴ሺtሻ
sଵሺtሻ⋮
s୐ିଵሺtሻ
൪ ൅ ൦
n଴ሺtሻ
nଵሺtሻ⋮
n୑ିଵሺtሻ
൪ 
3-23 
where ܉ሺφ୪ሻ ൌ ሾa଴ሺφ୪ሻ	aଵሺφ୪ሻ… a୑ିଵሺφ୭ሻሿ୘ is the antenna array steering vector of 
size Mx1 for the l୲୦ signal that has a direction of arrival (DOA) (φ୪ሻ and ܛሺtሻ ൌ
	ሾs଴ሺtሻ	sଵሺtሻ… s୐ିଵሺtሻሿ୘ is the vector containing L signals that are arriving on the 
antenna array. 
The steps in the computation of the MUSIC algorithm are: 
 Step 1: Collect the array input vector samples. 
ሼuሺnTሻ, n ൌ 0,…… . N െ 1ሽwhere	N: Number	of	snapshots 3-24 
 Step 2: Calculate the array correlation matrix as: 
R෡୳୳ ൌ 1N෍ ܝሺnTሻܝ
ୌሺnTሻ
୒ିଵ
୬ୀ଴
ൌ ܣܴ௦௦ܣு ൅ ߪ௡ଶܫ 3-25 
where ܴ௦௦ ൌ ણ	ሼ࢙࢙ுሽ is the signal correlation matrix and ߪ௡ଶܫ is the noise correlation 
matrix. 
 Step 3: Apply Eigen decomposition to the input correlation matrix ෠ܴ௨௨ as: 
෠ܴ௨௨ܸ ൌ ܸΛ 3-26 
where 
ܸ ൌ ሾݒ௢	ݒଵ 	… ݒெିଵሿ 3-27 
and 
Λ ൌ 	 ൦
ߣ଴ 0 … 0
0 ߣ଴ … 0
⋮
0
⋮
0
⋱ ⋮
… ߣெିଵ
൪ 
3-28 
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Step 4: Estimate the total number of signals ܮ෠ ൌ ܯ െ	 ௡ܰ, where, ௡ܰ is the total 
number of the smallest eigenvalues that create the Matrix ௡ܸ of form ܯݔ ௡ܰ  
containing the noise eigenvectors that correspond to the smallest eigenvalues. 
௡ܸ ൌ ሾ࢜଴	࢜଴ …	࢜ே೙ െ 1ሿ 3-29 
 Step 5: Compute the MUSIC pseudospectrum using: 
ெܲ௎ௌூ஼ሺ߮ሻ ൌ 	 1ࢇுሺ߮ሻ ௡ܸ ௡ܸுࢇሺ߮ሻ 
3-30 
 Step 6: Select the ܮ෠ highest peaks of the pseudospectrum to estimate the DOA. 
 
Super-resolution techniques allow estimating the AOA of multiple co-channel 
signals. It has a DF accuracy about 1° and can search for azimuth and elevation at 
the same time.  
 
A brief comparison of different direction of arrival estimation techniques is provided 
in Table 3-1 
 
Table 3-1: Comparison of different AOA/DOA estimation algorithms 
 
Sensitivity 
to noise
Sensitivity to 
calibration
Sensitivity to 
multipath
Ability to separate 
closely spaced multipath Complexity
DAS (spectral
estimation 
methods)
High Moderate High Low Low
MUSIC Low Higher Low High High
Root-MUSIC Lower High Lower High High
ESPRIT Lower Low Low High High
Fusion (DAS
& root-MUSIC) Low Moderate Lowest Very high Moderate
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3.3 Mathematical Model of the Proposed Angle of Arrival (AoA) 
Estimation Technique  
The proposed technique makes use of the signal subspace to provide an estimate 
of the direction of arrival. The steps of the proposed algorithm are summarised as 
follows:  
 Step 1: Collect the array input vector samples. 
ሼuሺnTሻ, n ൌ 0,…… .N െ 1ሽwhere	N: Number	of	snapshots 3-31 
 Step 2: Calculate the array correlation matrix as: 
R෡୳୳ ൌ 1N෍ ܝሺnTሻܝ
ୌሺnTሻ
୒ିଵ
୬ୀ଴
ൌ ܣܴ௦௦ܣு ൅ ߪ௡ଶܫ 3-32 
where ܴ௦௦ ൌ ણ	ሼ࢙࢙ுሽ is the signal correlation matrix and ߪ௡ଶܫ is the noise correlation 
matrix. 
 Step 3: Apply Eigen decomposition to the input correlation matrix ෠ܴ௨௨ as: 
෠ܴ௨௨ܸ ൌ ܸΛ 3-33 
where 
ܸ ൌ ሾݒ௢	ݒଵ 	… ݒெିଵሿ 3-34 
and 
Λ ൌ 	 ൦
ߣ଴ 0 … 0
0 ߣ଴ … 0
⋮
0
⋮
0
⋱ ⋮
… ߣெିଵ
൪ 
3-35 
Step 4: Estimate the total number of signals ܮ෠ ൌ ܯ െ	 ௡ܰ, where, ௡ܰ is the total 
number of the smallest eigenvalues. 
Step 5: Estimate the signal subspace ௦ܸ . 
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௦ܸ ൌ 	 ሾ࢜଴	࢜଴ …	࢜௅෠ െ 1ሿ 
The signal subspace is computed using the eigenvectors that correspond to the ܮ෠ 
largest eigenvalues. 
Step 6: Compute: 
Pሺφሻ ൌ 	 aതሺφሻ	 ௦ܸ	 ௦ܸு		aതሺφሻୌ 3-36 
This will result in the peaks in the direction of arrival. However, the peaks produced 
by the above equation result in a very wide side lobed spectrum which results in 
erroneous estimation at low power levels and for this reason it is proposed to 
search for the nulls in the direction of arrival which can be achieved by subtracting 
all the values of P	ሺφሻ	from its max value.  
Pୢ ୧୤୤ሺφሻ ൌ P	ሺφሻ୫ୟ୶ െ P	ሺφሻ 3-37 
The pseudo spectrum of the proposed technique then can be written as: 
௣ܲ௥௢௣	ሺ߮ሻ ൌ 1ௗܲ௜௙௙ሺ߮ሻ ൅ ߝ 
3-38 
where ε =1/ Max is added to remove any singularities that might be present. 
Finally, the error can then be calculated between the true direction of arrival and 
the estimated direction. The absolute error for each incoming signal can be 
mathematically described as  
erሺiሻ ൌ ห	Real୅୬୥ሺiሻ െ Estimated୅୬୥ሺiሻห 3-39 
and the average error for each impinging ray (eav-angle) can be calculated as: 
݁ୟ୴ିୟ୬୥୪ୣ ൌ 	
∑ 	|erሺiሻ|୩୧ୀଵ
k  
3-40 
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where i represents the total number of iterations used to generate the L angles. 
The average total error (eav-total) is: 
݁ୟ୴ି୲୭୲ୟ୪ ൌ 	
∑ ሺer୩ሻ୐୩ୀଵ
ܮ  
3-41 
The proposed method can be described using the flow diagram below: 
 
Figure 3-5: Flow Diagram of the Proposed AoA Method 
 
This technique has the advantage of less computation complexity over the more 
widely accepted Multiple Signal Classification (MUSIC) technique for applications 
that require fast processing of low number of incoming signals especially in asset 
tracking. 
 
3.4 Results and Discussion  
 
The performance of the proposed algorithm was evaluated using different setups 
and some of those are discussed in this section 
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3.4.1 Performance Evaluation of the Proposed Algorithm  
A 10-element uniform linear antenna array was constructed using MATLAB, with 
inter-element spacing of ሺఒଶሻ to compare the performance of the proposed 
algorithm. The simulation parameters used are listed in Table 3-2. 
 
Table 3-2: Simulation Parameters Using the ULA for the Performance Comparison 
of the Proposed Algorithm 
Parameter Value 
Number of Elements 10 
SNR 20 dB 
Antenna Spacing λ/2 
True Angle 0 Degree 
Number of Snapshots 100 
Noise  AWGN 
 
 
Figure 3-6: ULA for The Performance Comparison of the Proposed Algorithm 
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The Capon’s algorithm is famous for its ability to improve the spectral resolution as 
shown in Figure 3-4, and something of the similar nature is evident from the results 
produced in Figure 3-6 where the proposed algorithm clearly shows its ability to 
have superior resolution and a much higher normalised power that the signal can 
be accurately estimated at lower power thresholds. 
 
 Effect of Number of SNR on the Proposed Algorithm 
The same 10-element ULA was used to understand the effect of the number of 
snapshots on the proposed angle estimation method for multiple closely spaced 
angles. The simulation parameters are as shown in Table 3-3 
 
Table 3-3: Simulation Parameters Using the ULA for the Study of the Effects of 
Total Number of Snap Shots on the Proposed Angle of Arrival Estimation Algorithm 
Parameter Value 
Number of Elements 10 
SNR 0 dB 
Antenna Spacing λ/2 
True Angle [-20, 0, 20] Degrees 
Number of Snapshots 100, 500 1000 
Noise AWGN 
 
The results obtained in Figure 3-7 show that even with 100 data snapshots the 
proposed algorithm could resolve three closely spaced angles, the performance 
however can be further increased as for N = 1000, with a higher number of data 
snapshots. 
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Figure 3-7: Effects of Total Number of Snap Shots on the Proposed Angle of 
Arrival Estimation Algorithm 
 
 Effect of SNR on the Accuracy of Proposed AoA Algorithm 
To evaluate the effect of signal to noise ratio (SNR) the same 10-element ULA was 
used and the simulation parameters are described in Table 3-4. The results 
obtained in Figure 3-8 show that even at SNR of -20 dB the estimator could identify 
the three different peaks at the normalised power level of approx. -40 dB. However, 
as the SNR increases three highly identifiable peaks emerge to point in the 
direction of the source signals. 
 
Table 3-4: Simulation Parameters Using the ULA  
Parameter Value 
Number of Elements 10 
SNR [-20 -10 0 10 20] dB 
Antenna Spacing λ/2  
True Angle [-20, 0, 20] Degrees 
Number of Snapshots 100 
 
 
73 
 
 
Figure 3-8: Effects of SNR on the Proposed Angle of Arrival Estimation Algorithm 
 
All the results obtained using the simulation model built in MATLAB support the 
enhanced performance of the proposed algorithm. However, when designing a 
practical antenna array system, the designer must face many challenges including 
the required geometry and size of the antenna array according to the application 
specifications, in addition depending on the application the choice of antenna as 
different antennas has different radiation patterns and gains etc. These 
requirements then introduce further variables in the estimation system. To further 
test the performance of the proposed algorithm in a more real-world scenario 
different antenna arrays and geometries were constructed using computer 
simulation technology (CST) software and Numerical Electromagnetic Code (NEC).  
 
 
 
74 
 
 Execution Time 
In practical localization applications, it is necessary that the processing algorithm 
be computationally fast. In Figure 3-9 the comparison is made for the time of 
execution of four different algorithms that are used in this study for a total of 1000 
iterations, it is suggested by the results that the proposed algorithm has the fastest 
execution performance as compared to any of the other methods presented. 
 
 
Figure 3-9: Time of Execution Comparison 
 
 Signals with Different Power Levels 
Five signals are constructed such that each signal is arriving from a different 
source or because of a multipath scatter with different direction of arrival and has 
different received power due to the path travelled. The directions and amplitude 
power of these signals are [-600, -300, 00, 300, 600] and [1, 0.8, 0.6, 0.3, 0.1] Watts. 
 
 
75 
 
The results obtained in Figure 3-10 suggest that the proposed algorithm can 
estimate both the direction of arrival and the received power of each arriving signal. 
 
 
Figure 3-10: Signals with Different Amplitudes 
 
 Effect of Number of Elements and Inter-Element Spacing 
Three different true angles were used to evaluate the effect of number of elements 
and inter element spacing on the angle of arrival estimation of the proposed 
algorithm. The simulation criteria are defined in Table 3-5. 
 
Table 3-5: Simulation Parameters  
Parameter Value 
Number of Elements 6, 8, 10 
SNR 0 dB 
Antenna Spacing λ/2 , λ/4 
True Angle [-20, 0, 20] Degrees 
Number of Snapshots 100 
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Figure 3-11: Effects of number of elements and Inter-element spacing on the 
Proposed Angle of Arrival Estimation Algorithm 
 
The results in Figure 3-11 show the performance of the proposed algorithm with 
the change in the number of elements and the element spacing from ߣ/2 to ߣ/4 
which is expressed as “L/4” in Figure 3-11. The estimation algorithm has the best 
performance with the highest number of elements when the inter element spacing 
is ߣ/2. Even 10 elements with ߣ/4 show worse performance than 6 elements with 
ߣ/2. This explains how the interelement spacing degrades the performance and 
how it creates a challenge for the antenna array designer for localization systems 
when the space constraints are present. 
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 Performance Comparison of the Proposed Algorithm in the 
Presence of Correlated Sources 
Correlation or similarity between signals reduces the performance of direction 
estimation algorithms. Hence, a simulation was run for two received signals with 
95% correlation coefficients incident on linear array consisting of ten elements 
spaced by d = 0.5λ. The performance of the various methods is shown in Figure 3 
12. Although MUSIC and Capon give correct estimates for both signals, their 
performance significantly deteriorates. The Bartlett method gives reasonable   
performance and accuracy, but the proposed algorithm is the most accurate, with 
sharpest peaks and very low side lobe levels. 
 
  
Figure 3-12: Performance Comparison of the Proposed Algorithm in the Presence 
of Correlated Sources 
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3.4.2 3-element IFA Antenna Array 
A three-element inverted F antenna (IFA) based array was constructed using the 
computer simulation technology (CST) antenna design software. The elements 
were separated at 120 degrees in azimuth plane over 1ߣ	ݔ	1ߣ square finite 
conducting ground plane with antenna spacing of λ/4, where λ is the wavelength at 
the desired carrier frequency of 400 MHz, the selection of ߣ/4 spacing between the 
antenna elements was to keep the overall antenna array footprint to the minimum. 
The transmitter and the receiver array were placed in the same plane thus only 
azimuth angle calculations were done. The transmitter was placed in the far field 
zone i.e. at least 3 meters away from the receiver array. The construction of the 
simulation environment is shown in Figure 3-13. 
 
 
Figure 3-13: Three element array structure in CST 
 
Four different angle of arrival estimation algorithms were compared, namely, 
Interferometry, Bartlett, Proposed method and Multiple Signal Classification 
technique (MUSIC). The receiver array was turned at 20-degree step size for the 
whole azimuth plane (i.e. 360 degrees) and additive white Gaussian noise (AWGN) 
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was introduced to the received signal. The results in terms of estimation error at 
SNR of 0dB from the four algorithms are plotted in Figure 3-14.  
 
 
Figure 3-14: Angle of arrival estimation error using interferometry, Covariance 
and MUSIC 
 
As envisaged, the super-resolution signal subspace based proposed algorithm and 
noise subspace based MUSIC algorithm outperform the conventional Bartlett 
algorithm and the interferometry method for determination of angle of arrival in 
terms of angle error. The results also suggest that both subspace based methods 
show similar angle estimation error performance. The maximum estimation error 
from the signal subspace techniques was 6 degrees which is acceptable 
considering the low antennas spacing between the elements of the antenna array 
and low SNR. 
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3.4.3 Interferometry vs. Proposed Algorithm 
Next a comparative study has been carried out to evaluate the performance of the 
proposed algorithm against the phased interferometry algorithm and to understand 
the effect of the ground plane (finite/infinite) on the angle estimation. Three 
antenna and four antenna circular array geometries have been used for this study 
and simulated using Numerical Electromagnetics Code (NEC) antenna design 
software. The diagram of the two geometries is presented in Figure 3-15 (a) and 
(b). In the study, the size of the finite ground plane was 1λ	x	1λ. The ground plane 
was made up of conducing material with properties like that of copper. 
  
 
 
(a) (b) 
Figure 3-15: Simulation setup with (a) Three Elements (b) Four Elements 
 
a) True Angle = 0 degrees 
The study was conducted for a total of 72 angles using a single transmit source, 
i.e. the receiver array was rotated at 5-degree step size, but for illustration 
purposes only a few angles have been chosen and the results are discussed. It 
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was assumed for simplicity that there is no additive noise present. The antennas 
however, do have mutual coupling present between them. 
  
(a) (b) 
Figure 3-16: AOA = 0, (a) 3 Elements with Infinite and Finite Ground Plane (b) 4 
Elements with Infinite and Finite Ground Plane 
The results obtained in  Figure 3-16 (a) for the 0 degree as the true angle of arrival 
suggested an ambiguity in the interferometry method as the solution was unable to 
resolve the correct angle using 3 elements with infinite ground, the proposed 
method did provide an accurate estimate to the true bearing angle. However, when 
a finite ground plane was introduced the interferometry method and the proposed 
method were both able to closely estimate the true bearing angle with a 1 degree 
angle estimation error. The same true angle was then tested using a 4-element 
circular antenna array and the results in Figure 3-16 (b) show that with infinite 
ground the interferometry solution pointed in the opposite direction of the true 
bearing angle i.e. 180-degree error and a big angle ambiguity, whereas the 
proposed algorithm could closely resolve the true angle. Again, it was seen that the 
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introduction of a finite ground plane helps resolve the ambiguity present in the 
interferometry algorithm. In addition to improving the antenna radiation the ground 
planes also reduce the unwanted reflections which can explain the improvement in 
the angle estimation performance of the interferometry algorithm. 
   
b) True Angle = 10 degrees 
Second example presented is of 10 degree as the true bearing angle, for this angle 
again the solution for interferometry algorithm is 180 degrees in error for a three 
element array with infinite ground plane and there is a large error in the proposed 
algorithm also as shown in Figure 3-17 (a), but when an infinite ground plane is 
introduced the angle estimated points towards the true bearing angle, which 
supports the theory, that a finite ground plane actually improves the angle 
estimation by reducing reflections. 
 
  
(a) (b) 
Figure 3-17: AOA = 10, (a) 3 Elements with Infinite and Finite Ground Plane (b) 4 
Elements with Infinite and Finite Ground Plane 
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In Figure 3-17 (b) by increasing the number of elements in the antenna array the 
estimation error in the proposed algorithm is negligible even with infinite ground 
however the interferometry algorithm still cannot accurately estimate the angle 
information and suggests the solution to be in 180 degrees opposite direction. This 
is a good example to show that the eigen structure based proposed method does 
show enhanced angle estimation resolution with an additional antenna element but 
that is not enough in the case of phase interferometry to increase the algorithms 
performance. To further illustrate this issue of angle ambiguity caused by the 
interferometry algorithm a few more examples of different bearing angles are 
presented below.  
 
c) True Angle = 45 degrees 
  
(a) (b) 
Figure 3-18: AOA = 45, (a) 3 Elements with Infinite and Finite Ground Plane (b) 4 
Elements with Infinite and Finite Ground Plane 
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In Figure 3-18 the true bearing angle is 45 degrees, in Figure 3-18 (a) with a 3-
element array it can be seen the interferometry solution is again approx.180 
degrees in error.  
All the results obtained in section 3.4.3 suggest that the interferometry algorithm is 
finite ground plane dependent. Next, the same setup is repeated for multiple 
arriving angles. 
 
3.4.3.1 Multiple Sources Case 
Multiple transmitter sources were introduced to simulate the effect of a multipath 
environment on angle estimation where various copies of the same transmitted 
signal reach the receiver with time delays caused by the difference in length of the 
path travelled by the ray in a narrowband system.  
 
a) True Angle = 45 and 300 degrees 
 
Figure 3-19: Four element array, Multiple Source Case 
 
 
 
85 
 
The first comparison that is shown in Figure 3-19 is of two angles, 45 degrees and 
300 degrees. It is assumed that both the rays arrive at the receiver at the same 
time but with different magnitudes and the ray arriving from 300 degrees has 5 
times the power as compared to the one arriving from 45 degrees. The results 
suggested that none of the solutions proposed by the interferometry method point 
toward either of the two angles. The proposed algorithm does provide a solution 
and point towards the dominant angle as in the case of Line of Sight environment 
the dominant ray will be the true angle as it will travel the shortest distance 
between the transmitter and receiver array.  
 
b) True Angle = 0 and 90 degrees 
 
  
(a) (b) 
Figure 3-20: (a) Three element array (b) Four element array, Multiple Source 
Case 
 
This example is presented as it shows some very interesting results regarding the 
phase interferometry based angle of arrival estimation solution. Figure 3-20 (a) 
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represents the solution using a 3-element circular array for both the proposed 
algorithm and the phase interferometry algorithm. Results suggest that both 
solutions are in agreement that the dominant angle is the true bearing angle 
however theoretically and from previous knowledge it is known that increasing the 
number of elements and the addition of the finite ground plane helps improve the 
angle estimation accuracy, which is not seen for the case of phase interferometry 
in Figure 3-20 (b) rather the phase interferometry has shown an ambiguity with the 
addition of an extra antenna element, this shows the unstable behaviour of the 
algorithm and even though it is computationally easy to implement but not if all 
factors are considered such as signal processing based corrections that the 
algorithm require to correct the angle ambiguities. 
 
3.4.4 Individual Algorithm Performance for Different Array Geometries 
 
In this sub section, the effect of different array geometries on an individual angle of 
arrival algorithm is discussed. It was assumed that there are multiple rays arriving 
at the receiver with same power levels and complex noise was present.  
From the results obtained in Figure 3-21 it is safe to say that five-element arrays 
show the best estimation accuracy. The results also suggest that the 5-element 
ring array can provide greater accuracy than the concentric ring array of 5 
elements.  
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(a) (b) (c) 
 
   
(c) (d) (e) 
Figure 3-21: Comparison of Array Geometries for (a) Interferometry (b) Proposed 
(c) MUSIC for Multiple Rays 
 
3.4.5 Narrowband vs. Wideband  
In this sub section, the role of the bandwidth in angle estimation is studied. A 
comparison of Angle of Arrival algorithms is presented in terms of RMSE. 
  
(a) (b) 
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(c) 
Figure 3-22: Comparison of the Performance of AoA Techniques Using Different 
Bandwidths 
The results achieved showed how the available bandwidth improves the angle of 
arrival estimation accuracy for all algorithms. These results also support that the 
proposed algorithm can provide the same if not better the estimation accuracy as 
that of the MUSIC algorithm. 
 
3.4.6 Effect of Number of Elements on the Angle Estimation Ambiguities 
In this section the study is presented which looked at the fact that at least how 
many antennas are required in an array ideally to remove any angle ambiguities 
such as those shown by the interferometry algorithm in Section 3.4.3 where the 
true bearing angle was suggested to be in 180 degrees in error e.g. true bearing 
angle of 0 degree was solved by interferometry method and resulted in the solution 
of estimated angle as 180 degree as shown in  Figure 3-16 (a) which makes it 
imperative to understand this phenomenon and its relation to the number of 
antenna elements regardless of the constraints of physical space available to 
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mount these receiver antenna arrays in practical mobile localization and tracking 
devices.  
 
inverted F antennas (IFA) based receiver arrays were used for this study. Firstly, 
three element antenna array with element spacing of ߣ/4 was evaluated. The 
results obtained suggested that using this type of antenna geometry can cause 
some angle ambiguities between several angles, e.g. as can be seen from Figure 
3-23 (a) in a 3D view and Figure 3-23 in a 2D view that if the true angle of arrival 
was 60 degrees there are two peaks in the solution one at 60 degrees and the 
second one at approx. 240 degrees, also the same is true in the case of 120 
degree that there are two peaks and the second peak is lying at 180 degrees in the 
opposite direction at 300 degrees. These results thus suggest that 3-element 
spaced at ሺఒସሻ are not sufficient to resolve the true angle completely and 
unambiguously. 
 
  
(a) (b) 
Figure 3-23: Angle Ambiguities in a 3-element (/4) Array (A) 3D (B) 2D 
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The next logical solution was to keep the number of elements the same but 
increase the inter element spacing within the array to ሺఒଶሻ thus reducing the 
degrading effects of the mutual coupling between the antenna elements. The 
results obtained in Figure 3-24 suggest that even though the performance has 
improved to a certain extent but there still exists high correlation between some of 
the angles thus this geometry also fails to resolve the ambiguities completely 
without any further processing.  
 
 
  
(a) (b) 
Figure 3-24: Angle Ambiguities in a 3-element (/2) Array (A) 3D (B) 2D 
 
 
The study was repeated for several geometries with different inter-element spacing 
including circular and concentric designs until finally a geometry emerged which 
can resolve these ambiguities and that is the uniform circular design with 5-
elements as shown in Figure 3-25.  
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(a) (b) 
Figure 3-25: Angle Ambiguities in a 5-element (/4) Array (A) 3D (B) 2D 
 
 
3.5 Conclusion 
 
A novel high-resolution direction of arrival estimation algorithm based on the signal 
subspace decomposition has been presented in this chapter. The core idea of the 
technique is to find the difference between the maximum absolute value of the 
pseudo-spectrum and the absolute value of the pseudo-spectrum thus minimizing 
the denominator and producing larger peaks in the direction of arrival of the 
incoming signal. The proposed method exploits the signal subspace with array 
steering vector as opposed to the MUSIC algorithm that exploits the noise 
subspace with array steering vector. The proposed algorithm has been tested and 
evaluated using different criteria. As was expected, increased SNR, number of 
antennas in the array and number of samples will significantly increase the 
resolution and make the peaks sharper of the proposed algorithm. In addition, the 
increase in available bandwidth will also increase the performance of the proposed 
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algorithm. This chapter has also covered the mathematical backgrounds of the 
proposed algorithm and some of the conventional algorithms and compared the 
performance of the proposed algorithm with those conventional algorithms. The 
results have proved that the proposed algorithm provides superior performance as 
opposed to any of the previously known direction of arrival estimation algorithms 
along with faster computation time which is an essential part of any real-time 
localization system. 
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4. EFFECTS OF MUTUAL COUPLING IN 
ANTENNA ARRAYS ON ANGLE OF 
ARRIVAL ESTIMATION 
 
 
When dealing with antenna arrays there is a common problem of mutual coupling. 
Mutual coupling results in degraded performance of the array signal processing 
algorithm which results in wrong direction of arrival (DOA) estimates. 
 
Enormous studies have been done on the compensation of mutual coupling effect 
and various approaches have been developed [338-346]. Conventionally the 
mutual coupling can be defined through mutual impedances between the array 
elements in their transmitting mode. However, several studies have shown that the 
mutual coupling effects the transmitting and receiving antenna arrays differently 
and should therefore be treated differently. 
 
In this chapter, detailed effects of mutual coupling in antenna arrays are presented, 
then a few decoupling methods are reviewed which are applied in this work to 
assess the performance level of the proposed algorithm. In the end, these 
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decoupling methods were applied to different direction-finding algorithms and 
performance was compared against the proposed algorithm to draw a conclusion. 
 
4.1 Mutual Coupling Behaviour 
In antenna arrays when the number of antennas increases, every increasing 
element will be affected by the electromagnetic field of the other radiating element, 
in addition to the one produced by itself. This results in the induction of coupling 
current and this phenomenon is referred to as mutual coupling. The mutual 
coupling effect is inversely proportional to the antenna array element spacing, i.e. if 
the spacing between the elements is increased the effect of mutual coupling will 
decrease and vice versa. The effects of mutual coupling can be studied in terms of 
mutual impedances. Mutual impedance is a complex value that relates to the 
position of the elements of the antenna array in the geometrical plane. 
 
In [338] it was shown that the effects produced by the mutual coupling when the 
antennas are in transmit mode are different than when the antennas are in the 
receive mode. If there are two antenna elements m and n the effects of mutual 
coupling in two different modes for these elements is different and is shown in 
Figure 4-1. In transmit mode if an antenna element n is excited using a source, 
with condition that antenna m is passive and not transmitting, the generated power 
travels to the element n and then as shown in Figure 4-1 (a) with a label (0) will 
radiate into the free space which is labelled as (1). Antenna element m will also 
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receive some of that energy resulting in an induced current and in Figure 4-1 it is 
labelled as (2). Some of the energy from the induced current is radiated back into 
the free space which is labelled as (3), the label (4) shows the energy that is 
dissipated into the passive load connected to the antenna element m. When the 
energy is radiated due to the induced current on the antenna element m, it is quite 
possible that the antenna n will also receive some part of that energy as shown by 
label (5) making it an infinite loop process which will be repeated if the antenna 
element m is excited. If the excitation is provided to all the antenna elements the 
total field can be looked at as the sum of the radiated field and the fields that are 
re-scattered from all the elements. 
 
(a)                                                 (b) 
Figure 4-1 (a) Mutual coupling paths in transmitting mode; (b) Mutual coupling 
paths in receiving mode 
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In Figure 4-1 (b) an antenna array in the receive mode is shown. The incident ray 
from the free space labelled as (0) hits the antenna element m resulting in an 
induced current. Energy is radiated to the free space by the induced current (2), 
and some part of that energy move towards the load (1). Antenna element n also 
receives some part of that energy (3). Some part of the energy will also be 
reflected and will travel in to the free space (4). Again, like the transmit mode 
antennas, in receive mode once the antenna element n receives some part of the 
energy from element m, it will result in an induced current. The same process takes 
place if the incident wave hits the antenna element n. If the incident ray impinges 
on all the elements at the same time the total field can be calculated by calculating 
the sum of the radiated fields and the re-scattered fields of all the antenna 
elements. To analyse mutual coupling effects on an N element antenna array, 
choose any two elements and then repeat the procedure for all possible pairs.  
 
In the direction-finding radio systems, the received signal matrix is processed to 
obtain the direction information. In an antenna array, corresponding vectors are 
changed due to the mutual coupling. Mutual coupling changes the structure of the 
received signal correlation matrix and thus results in degraded DOA estimates. 
Proper estimates and decoupling methods are required to improve the accuracy of 
the direction-finding algorithms. 
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4.2 Review of Decoupling Methods 
4.2.1 Conventional Mutual Impedance Method 
The conventional mutual impedance method is also known as the open-circuit 
voltage method. In conventional mutual impedance method as explained in [347] , 
the mutual coupling is defined using the mutual impedance, in network analysis it is 
usually referred to as the Z parameter. The mathematical relationship between the 
voltages at antenna terminals and the voltage at terminal k can be written as: 
 
௞ܸ ൌ ܫଵܼ௞,ଵ ൅ ܫଶܼ௞.ଶ ൅ ⋯൅ ܫ௜ܼ௞,௜ ൅ ⋯൅ ܫ௞ܼ௞,௞ ൅ ⋯൅ ܫேܼ௞,ே ൅ ௢ܸ௖௞ (4-1) 
 where Zk,i  represents the ratio between the excitation current Ii and the induced 
open circuit voltage of terminal k at terminal i, Zk,k represents the self-impedance of 
the antenna element k, The open circuit voltage is represented by Vock  while all 
other antenna elements are in the open-circuit condition. The detailed 
mathematical background of this technique can be found in [347] which shows that 
mathematically the terminal voltages and the open circuit voltages are related as: 
ۏ
ێێ
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ێێ
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⋯ ܼଶேܼ௅⋮ ⋮ܼேଵ
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⋱ ⋮
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ې
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ଶܸ⋮ܸ
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൪ ൌ ൦
௢ܸ௖ଵ
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௢ܸ௖ே
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(4-2) 
For most of the applications the conventional mutual impedance can be calculated 
by assuming the antenna array as a network of N-ports. The open circuit voltages 
Vock can then be determined together with the measured. 
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Although this method was popularly used in the previous researches and practices, 
there are a few issues when the conventional mutual impedance method is applied 
to the receiving antenna arrays: 
1. This method is derived under the assumption that mutual coupling follows 
the path shown in Figure 4-1(a), where the antenna elements are radiating with an 
active source. While for a receiving array, the actual mutual coupling is 
characterised by Figure 4-1 (b), where the antenna elements are passively excited 
by a far-field plane wave; 
2. Load impedance is used to terminate the antenna elements in practical 
situations rather than open circuit.  
3. In the 'open-circuit voltages' concept it is assumed that the antenna 
elements that are open-circuit do not radiate. This concept is not true as the 
electromagnetic fields will still be generated by the antenna elements due to the 
induced current. 
 
4.2.2 Receiving Mutual Impedance Method 
This method assumes the following conditions for the calculations 
 Impedance ZL (Load Impedance) value used to terminate the antenna 
elements is known. 
 The elements in the antenna array are in receiving mode and they are 
excited through an external incoming wave. 
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Assume an antenna array containing N number of elements and are all terminated 
using the same impedance load, ZL then under excitation by the incoming wave the 
voltage at the terminal K can be written as: 
௞ܸ ൌ ܼ௅ܫ௞ ൌ ௞ܷ ൅ ௞ܹ (4-3) 
Because of the incoming signal, the terminal voltage at K is represented by Uk, the 
voltage caused by the other elements due to the mutual coupling is represented by 
Wk and can be mathematically written as: 
௞ܹ ൌ ܫଵܼ௧௞,ଵ ൅ ܫଶܼ௧௞,ଶ ൅ ⋯൅ ܫ௞ିଵܼ௧௞,௞ିଵ ൅ ܫ௞ାଵܼ௧௞,௞ାଵ ൅ ⋯൅ ܫேܼ௧௞,ே (4-4) 
The receiving mutual impedance among two different antenna elements i.e. k and i 
is represented by  ܼ௧௞,௜ and the value of the induced current is represented by Ii, 
where the subscript i is the element number. The defined mutual impedance at the 
receiving antenna terminal is shown by the subscript t and the values of Uk and Vk 
are related as follows. 
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(4-5) 
The value of the receiving mutual impedance is dependent on the currents and 
voltages at the terminal. As standard, the current distribution on an antenna will 
vary with the direction i.e. both with azimuth and elevation of the external signal 
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and thus the value of the receiving mutual impedance will be dependent as 
function to that direction of the signal. 
 
In the case of an omni-directional antenna, e.g. a dipole, the current distribution at 
the resonance frequency is independent of the azimuth angle of the impinging 
signal if the signal is arriving from the plane that is perpendicular to antenna axis (θ 
= 90°). This means that the resultant mutual impedance will be the same 
irrespective of the incoming signals azimuth angle [348] making it a very suitable 
choice for applications such as direction of arrival. The current distribution also 
does not change significantly in the case where the incoming signal is close to the 
horizontal plane (e.g., θ = 70°), the current distribution also does not change 
considerably, and the value of the receiving mutual impedance calculated in the 
horizontal plane, still provides a rational approximation that can be used for 
decoupling purposes. 
 
4.3 Performance Evaluation of Angle of Arrival Algorithms with 
Mutual Coupling and with Coupling Compensated 
4.3.1 Simulation Setup 
To evaluate the performance of AOA estimation algorithms in the presence of 
mutual coupling and with coupling compensated using different coupling 
compensation techniques a simple propagation scenario was built in Computer 
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Simulation Technology (CST) software. This simulation setup includes a single 
transmitter antenna, 3 meters away from the centre of the receiver antenna array, 
and three receiver antennas in an equilateral triangle shape, as shown in Figure 
4-2 (a). The transmitter antenna was modelled using a half wavelength dipole, 
which radiates omni-directionally in the azimuth plane. The receiver antennas were 
modelled using two types of antennas as shown in Figure 4-2(b) and Figure 4-2(c), 
quarter wavelength monopole antenna of length 17.83 cm, which has isotropic 
radiation patterns in the azimuth plane, and Inverted F antenna (IFA) dimensions of 
which are shown in  Figure 4-2 (c), which has non-symmetrical radiation patterns. 
A finite size square ground plane 1ߣ	ݔ	1ߣ	was used for both types of receiver 
antennas. Both the transmitter antenna and the receiver antennas were designed 
individually to work at 400MHz frequency band.  
 
In the simulation, the transmitter and receiver antennas were placed at same level 
in elevation plane, therefore only azimuth plane was observed in terms of AOA 
estimation. During the observation, the transmitter antenna was rotated anti-
clockwise with a 5-degree step size within the range of 0-359 degrees. Therefore, 
overall 72 incoming signals with azimuth angle Ф were investigated with a 5-
degree resolution. 
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 (a) 
     
(b) (c) 
 
(d) 
Figure 4-2: (a) Receiver antennas geometry in simulation (b) Monopole antennas 
(c) IFA antennas (d) IFA Antenna Dimensions 
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4.3.2 AOA Estimation Error in Presence of Mutual Coupling 
Three of the direction-finding algorithms whose mathematical models were 
presented in Chapter 3 namely the proposed algorithm, Multiple Signal 
Classification (MUSIC) and interferometry were used to study the effects of mutual 
coupling on the AOA estimation. Figure 4-3 demonstrates the AOA estimation 
errors for a monopole array in presence of mutual coupling when a wideband 
signal with BW equal to 25 MHz radiated by transmitter. The simulation was run 
from 390 MHz to 415 MHz with 25 kHz step size (1001 samples).  
 
 
Figure 4-3: AOA estimation error for monopole array in presence of mutual 
coupling, wideband signal with BW=25 MHz 
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The results obtained in Figure 4-3: AOA estimation error for monopole array in 
presence of mutual coupling, wideband signal with BW=25 MHz show the superior 
performance of the proposed algorithm and the MUSIC algorithm. It is also evident 
from the results that as the interferometry algorithm only accounts for the phase 
difference between the elements to predict the angle of arrival if the amplitude of 
the received signal is normalised the performance of the other two algorithms with 
only the phase information seem to match the performance of the interferometry 
algorithm.  
 
4.4  Applied Decoupling Methods to Direction Finding Algorithms 
Because the receiver antenna elements are spaced only quarter wavelength apart, 
the mutual coupling effect between the elements could be the major reason that 
caused the high AOA estimation error. The mutual coupling effects of the setups 
shown in Figure 4-2 are investigated next in this section. Decoupling matrices 
using different compensation methods were generated and employed in the 
direction-finding algorithms for performance evaluation. Two objectives were 
observed for each compensation method, the first one was to test the AoA 
estimation error after mutual coupling compensation to find the most effective 
method, and the second aim was to find out the angular dependence of the 
decoupling matrix on incoming signals for each type of antenna. 
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4.4.1 Conventional Impedance Method 
The open circuit mutual impedance was obtained by considering two antennas in 
the array at a time while leaving the other elements in loaded status as in practice 
[347]. The two antennas were treated as a two-port network, and the S 
parameters, S11, S12, S21, and S22 were calculated. This process was repeated for 
all possible pairs in the array, and the S parameter matrix was obtained. The 
impedance parameters, Z, was then transferred from the S parameters using  
ܼ ൌ ܼ௢ሾܫ ൅ ܵሿሾܫ െ ܵሿିଵ (4-6) 
where Z0 is the system impedance, Z and S are N×N matrices from the N elements 
array, and I is the N-by-N identity matrix. Z matrix in Equation (4-6)  was applied 
into Equation (4-2) together with the loaded impedance ZL and the received voltage 
V at each terminal and the open circuit voltage at each antenna element without 
coupling was recovered. 
 
4.4.1.1 Monopole Antenna Array 
First, the monopole antenna arrays were simulated in CST to get all the 
parameters and then the data was exported to MATLAB for the decoupling matrix 
calculation. For angular dependence investigation, four angles were studied and 
the corresponding decoupling matrices are listed in Table 4-1. 
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Table 4-1: Monopole antenna transmission mode decoupling matrix for different 
incoming signals 
30 Degree 90 Degree 
൥
૚. ૠૠૢ૞ െ ૙. ૙ૠૠૡ࢏ െ૙. ૙૜૚૜ െ ૙. ૝૟ૢ૛࢏ െ૙. ૙૜૙ૡ െ ૙. ૝૟ૠ૞࢏
െ૙. ૙૛૞૛ െ ૙. ૝ૠૡ૜࢏ ૚. ૠૡ૛ૠ െ ૙. ૙ૡ૞૞࢏ െ૙. ૙૚૝૟ െ ૙. ૝૟ૠ࢏
െ૙. ૙૛૞૞ െ ૙. ૝ૠૠ૟࢏ െ૙. ૙૚૞૝ െ ૙. ૝૟ૡ࢏ ૚. ૠૡ૜૛ െ ૙. ૙ૡ૞૝࢏
൩ ൥
૚. ૠૠૢ૝ െ ૙. ૙ૠૡૠ࢏ െ૙. ૙૜૚૚ െ ૙. ૝૟ૢૡ࢏ െ૙. ૙૜૚૝ െ ૙. ૝૟ૡ૝࢏
െ૙. ૙૛૜૞ െ ૙. ૝ૠૡૢ࢏ ૚. ૠૡ૛૜ െ ૙. ૙ૡ૟૛࢏ െ૙. ૙૚૞૚ െ ૙. ૝૟ૡ૝࢏
െ૙. ૙૛૝૝ െ ૙. ૝ૠૡ૚࢏ െ૙. ૙૚૞ૠ െ ૙. ૝૟ૢ࢏ ૚. ૠૡ૛ૡ െ ૙. ૙ૡ૞ૡ࢏
൩ 
200 Degree 325 Degree 
൥
૚. ૡ૛ െ ૙. ૙ૡૠૡ࢏ െ૙. ૙૙૛ૡ െ ૙. ૝૝૟ૡ࢏ െ૙. ૙૙૙ૢ െ ૙. ૝૝૟࢏
૙. ૙૙૝ૠ െ ૙. ૝ૠ૚࢏ ૚. ૡ૛૛ૢ െ ૙. ૙ૢ૟ૢ࢏ ૙. ૙૚ૢ૟ െ ૙. ૝૞૚ૢ࢏
૙. ૙૙૞ૠ െ ૙. ૝ૠ૙૚࢏ ૙. ૙૚ૡ૟ െ ૙. ૝૞૛࢏ ૚. ૡ૛૜૝ െ ૙. ૙ૢૠ૜࢏
൩ ൥
૚. ૠૠૢ૞ െ ૙. ૙ૠૠૢ࢏ െ૙. ૙૜૙ૢ െ ૙. ૝૟ૠ૟࢏ െ૙. ૙૜૚૚ െ ૙. ૝૟ૢ૚࢏
െ૙. ૙૛૞૟ െ ૙. ૝ૠૠૡ࢏ ૚. ૠૡ૜૙ െ ૙. ૙ૡ૞૝࢏ െ૙. ૙૚૞૝ െ ૙. ૝૟ૡ૜࢏
െ૙. ૙૛૞૛ െ ૙. ૝ૠૡ૛࢏ െ૙. ૙૚૝ૡ െ ૙. ૝૟ૠ૛࢏ ૚. ૠૡ૛૟ െ ૙. ૙ૡ૞૟࢏
൩ 
 
Table 4-1 shows that for monopole antenna array, the decoupling matrix remains 
consistent for most of the angles, as claimed in many literatures. The decoupling 
matrix for each angle was then applied to various direction-finding algorithms to 
compensate the mutual coupling effect.  
 
The calculated AOA estimation errors before and after coupling compensation are 
compared in Table 4-2. The accuracy of AOA estimation algorithms was much 
improved for all the observed angles.  
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Table 4-2: AOA estimation error using transmission mode coupling compensation 
for monopole array 
AOA-
Ref 
(deg) 
AOA error -
Proposed- 
Phase only 
AOA error -
Proposed 
Amplitude and 
Phase 
AOA error -
MUSIC 
Phase only 
AOA error -
MUSIC 
Amplitude and 
Phase 
AOA error -
Interferometry 
Before After Before After Before After Before After Before After 
30 8 -3 6 -3 8 -3 6 -3 7.86 -2.63 
90 -5 3 -2 3 -5 3 -2 3 -5.28 3.3 
200 -6 1 -4 1 -6 1 -4 1 -5.98 0.7841 
325 -8 1 -5 1 -8 1 -5 1 -7.64 1.4128 
 
 
 
4.4.1.2 IFA Antenna Array 
The conventional mutual impedance method was also applied to IFA antenna 
arrays. Four different incoming signal angles were studied for this occasion. The 
decoupling matrices are listed in Table 4-3. For IFA antennas, for some angles, the 
decoupling matrix remain stable, but for other angles, the change is significant. 
Again, these matrices were applied to different direction-finding algorithms to 
observe the AOA estimation error after coupling compensation. Table 4-4 shows 
that for IFA antenna array, the transmitting mode decoupling matrix did not reduce 
the estimation error. For some angles, the error even got much worse and was 
indicated by a few direction-finding algorithms. 
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Table 4-3: IFA antenna array transmission mode decoupling matrix for different 
incoming signals 
15 Degree 120 Degree 
൥
2.0342 ൅ 0.1108݅ 0.9906 ൅ 0.1693݅ 0.9901 ൅ 0.1696݅
0.1123 ൅ 0.1831݅ 2.2702 ൅ 0.1127݅ 0.8665 ൅ 0.0615݅
0.1124 ൅ 0.1839݅ 0.8677 ൅ 0.0623݅ 2.2719 ൅ 0.1131݅
൩ ൥
2.7299 ൅ 0.4858݅ 1.2278 ൅ 0.4304݅ 1.2278 ൅ 0.4304݅
1.5506 ൅ 0.4493݅ 2.8179 ൅ 0.4045݅ 1.4069 ൅ 0.3344݅
1.553 ൅ 0.4512݅ 1.407 ൅ 0.3349݅ 2.8177 ൅ 0.4046݅
൩ 
205 Degree 320 Degree 
൥
2.7418 ൅ 0.474݅ 1.2403 ൅ 0.4186݅ 1.2329 ൅ 0.4101݅
1.5641 ൅ 0.4379݅ 2.8282 ൅ 0.39284݅ 1.4094 ൅ 0.3138݅
1.5785 ൅ 0.4353݅ 1.4313 ൅ 0.3194݅ 2.8341 ൅ 0.388݅
൩ ൥
2.7272 ൅ 0.4942݅ 1.229 ൅ 0.4446݅ 1.2258 ൅ 0.4382݅
1.545 ൅ 0.4515݅ 2.8161 ൅ 0.4111݅ 1.4105 ൅ 0.335݅
1.5486 ൅ 0.4602݅ 1.4086 ൅ 0.3487݅ 2.8165 ൅ 0.4124݅
൩ 
 
 
Table 4-4: AOA estimation error before and after transmission mode compensation 
for IFA array 
AOA-ref 
(deg) 
AOA error -
Proposed- 
phase only 
AOA error -
Proposed 
Amplitude and 
phase 
AOA error -
MUSIC 
phase only 
AOA error -
MUSIC 
Amplitude and 
phase 
AOA error -
Interferometry 
before after before after before after before after before after 
15  ‐4  ‐6  ‐4  ‐6  ‐4  ‐6  ‐4  ‐6  ‐2.41  ‐6.3 
120  ‐1  ‐1  ‐1  0  ‐1  ‐1  ‐1  0  ‐1.38  ‐0.83 
205  ‐4  ‐1  ‐2  ‐8  ‐4  ‐1  ‐2  ‐8  ‐3.77  ‐0.67 
320  ‐3  7  ‐1  ‐6  ‐3  7  ‐1  ‐6  ‐3.12  6.92 
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4.4.2 Receiving Impedance Method 
The receiving mutual impedance was calculated using the received power wave 
(the S12 parameter). Using the transmitter antenna in free space to create the plane 
wave source, and the receiving antenna array was placed at a fixed position. The 
following steps were then used to retrieve the corresponding S12 parameters: 
(1) Measure S12 at element 1's terminal with element 2's terminal connected to 
a load. Denote this as S12_1; 
(2) Measure S12 at element 2's terminal with element 1's terminal connected to 
a load. Denote this as S12_2; 
(3) Measure S12 at element 1's terminal with element 2 removed from the array. 
Denote this as S'12_1; 
(4) Measure S12 at element 2's terminal with element 1 removed from the array. 
Denote this as S'12_2; 
Then the measured receiving mutual impedances were calculated as follows: 
ܼ௧ଵଶ ൌ ଵܵଶ_ଵ െ ଵܵଶ_ଵ
ᇱ
ଵܵଶ_ଶ
ܼ଴ (4-7) 
 
ܼ௧ଶଵ ൌ ଵܵଶ_ଶ െ ଵܵଶ_ଶ
ᇱ
ଵܵଶ_ଵ
ܼ଴ (4-8) 
For an N-element array, the mutual impedances can be measured by considering 
two elements at a time with all the rest elements loaded, and repeating the above 
procedure for all the possible pairs of elements in the array. After all the Z 
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parameters, have been measured, the decoupling matrix can be obtained using 
Equation (4-5) and then the uncoupled voltage U matrix at each element can be 
recovered for direction finding application. 
Again, this method was tested on different types of receiving antenna arrays: 
monopole and IFA arrays. The result analysis will be discussed in the following 
sections. 
 
4.4.2.1 Monopole antenna array 
The decoupling matrices using the receiving mode method for monopole antenna 
array are studied for a few incoming ray angles. Results for four typical angles are 
listed in Table 4-5 where it is seen that the decoupling matrices for 30, 90 and 325 
degrees are relatively consistent. For 200 degrees, the matrix has more obvious 
difference at some components, but overall for monopole antenna arrays, the 
decoupling matrix is not very angular dependent. To validate this conclusion, the 
30 degrees and 325 degree matrices are applied to all the 72 angles to observe 
the estimation error improvement, and the results are listed in Figure 4-4 and 
Figure 4-5. From the results, it is obvious that for a single incoming ray, only one 
matrix applying to all angles improves the AOA estimation error for all direction-
finding methods. 
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Table 4-5: Monopole antenna transmission mode decoupling matrix for different 
incoming signals 
 
30 Degree 90 Degree 
൥
૚ ૙. ૙ૡૠ૜ െ ૙. ૛૛૜૜࢏ ૙. ૙ૢ૙૚ െ ૙. ૛૛૙૞࢏
૙. ૙ૢ૞૟ െ ૙. ૛૚૟ૡ࢏ ૚ ૙. ૙ૢૡૠ െ ૙. ૛૚૟ૠ࢏
૙. ૙ૢ૜ૡ െ ૙. ૛૚૙૟࢏ ૙. ૙ૢૠ૝ െ ૙. ૛૚૝૞࢏ ૚
൩ ൥
૚ ૙. ૙ૢ૙ૡ െ ૙. ૛૛૞૚࢏ ૙. ૙ૢ૟૜ െ ૙. ૛૙ૡ૟࢏
૙. ૚૙૞ െ ૙. ૛૚૜ૡ࢏ ૚ ૙. ૙ૡૡ૜ െ ૙. ૛૚૝࢏
૙. ૙ૢ૞ െ ૙. ૛૚૙ૡ࢏ ૙. ૙ૢ૞૛ െ ૙. ૛૚ૡૡ࢏ ૚
൩ 
200 Degree 325 Degree 
൥
૚ ૙. ૚૙૚૜ െ ૙. ૛૚૛૛࢏ ૙. ૙ૢ૝ૢ െ ૙. ૛૚ૡૡ࢏
૙. ૙૚૜ૢ െ ૙. ૚ૡ૛ૠ࢏ ૚ ૙. ૚૝૛૜ െ ૙. ૛૜ૡૡ࢏
૙. ૚૟૞ૡ െ ૙. ૛૛ૢ૜࢏ ૙. ૙ૡૠ െ ૙. ૜૙૛ૡ࢏ ૚
൩ ൥
૚ ૙. ૙ૡૢૠ െ ૙. ૛૛૙૞࢏ ૙. ૙ૡ૟૞ െ ૙. ૛૛૜૛࢏
૙. ૙ૢ૜૟ െ ૙. ૛૚૙૝࢏ ૚ ૙. ૙ૢૠ૜ െ ૙. ૛૚૝ૠ࢏
૙. ૙ૢ૟૚ െ ૙. ૛૚ૠૠ࢏ ૙. ૙ૢૡૠ െ ૙. ૛૚ૠ૚࢏ ૚
൩ 
 
 
 
Figure 4-4: AOA estimation error for monopole array after using receiving mode 
coupling compensation (DM 30 degrees applied to all angles) 
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Figure 4-5: AOA estimation error for monopole array after using receiving mode 
coupling compensation (DM 325 degrees applied to all angles) 
 
 
4.4.2.2 Receiving Impedance Method for two coming rays 
CST simulation results were used to model two signals from different angles 
arriving at the receiver. The dominant signal arrives from different azimuth between 
0 and 360 degrees, while the second ray’s AOA is fixed at 60 degrees. The 
decoupling matrix calculated from a 325-degree signal was applied to all the 
combined signals. Table 4-6 compares the estimation error before and after 
compensation for all 72 angles, and the results show that for multiple incoming 
signals, the mutual coupling compensation sometimes does not improve the 
estimation error. The reason for this is that for a three-element circular array, the 
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maximum solved incoming rays is one, therefore the number of antenna elements 
is not sufficient to solve two incoming rays.  
 
Table 4-6: AOA estimation error for monopole array before and after using 
receiving mode coupling compensation (decoupling matrix from 325 degrees 
applied to all angles)-two rays received 
AOA
-ref 
(deg) 
AOA error -
Proposed- 
phase only 
AOA error -
Proposed 
Amplitude and 
phase 
AOA error -
MUSIC 
phase only 
AOA error -
MUSIC 
Amplitude and 
phase 
AOA error -
Interferometry 
Before After Before After Before After Before After Before After 
0  12  7  12  7  12  7  12  7  11.53  7.03 
5  12  6  11  6  12  6  11  6  11.57  6.43 
10  13  6  12  6  13  6  12  6  12.54  6.31 
15  12  5  12  5  12  5  12  5  11.91  5.12 
20  12  5  11  5  12  5  11  5  11.92  5.23 
25  14  7  13  7  14  7  13  7  13.56  7.42 
30  13  8  12  8  13  8  12  8  13.11  8.22 
35  12  8  11  8  12  8  11  8  11.68  7.85 
40  9  6  9  7  9  6  9  7  9.29  6.25 
45  8  5  7  6  8  5  7  6  7.61  5.42 
50  5  4  5  4  5  4  5  4  5.32  4.05 
55  3  2  3  2  3  2  3  2  2.94  2.42 
60  1  2  1  2  1  2  1  2  0.99  1.52 
65  ‐1  0  ‐1  0  ‐1  0  ‐1  0  ‐1.13  0.14 
70  ‐2  0  ‐2  0  ‐2  0  ‐2  0  ‐2.39  ‐0.01 
75  ‐4  0  ‐3  ‐1  ‐4  0  ‐3  ‐1  ‐3.65  ‐0.31 
80  ‐7  ‐4  ‐7  ‐4  ‐7  ‐4  ‐7  ‐4  ‐7.44  ‐4.09 
85  ‐7  ‐3  ‐6  ‐3  ‐7  ‐3  ‐6  ‐3  ‐7.29  ‐2.72 
90  ‐10  ‐5  ‐10  ‐6  ‐10  ‐5  ‐10  ‐6  ‐10.35  ‐5.14 
95  ‐14  ‐8  ‐13  ‐8  ‐14  ‐8  ‐13  ‐8  ‐13.67  ‐7.58 
100  ‐12  ‐5  ‐12  ‐6  ‐12  ‐5  ‐12  ‐6  ‐12.23  ‐5.28 
105  ‐16  ‐9  ‐16  ‐9  ‐16  ‐9  ‐16  ‐9  ‐16.29  ‐9.38 
110  ‐16  ‐9  ‐16  ‐9  ‐16  ‐9  ‐16  ‐9  ‐15.99  ‐9.35 
115  ‐14  ‐8  ‐14  ‐8  ‐14  ‐8  ‐14  ‐8  ‐13.91  ‐8.26 
120  ‐14  ‐10  ‐14  ‐10  ‐14  ‐10  ‐14  ‐10  ‐14.46  ‐9.85 
125  ‐8  ‐7  ‐8  ‐7  ‐8  ‐7  ‐8  ‐7  ‐8.33  ‐6.74 
130  ‐6  ‐7  ‐6  ‐7  ‐6  ‐7  ‐6  ‐7  ‐5.98  ‐6.53 
135  ‐4  ‐7  ‐4  ‐7  ‐4  ‐7  ‐4  ‐7  ‐4.05  ‐6.55 
140  ‐2  ‐7  ‐3  ‐7  ‐2  ‐7  ‐3  ‐7  ‐2.38  ‐6.54 
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145  ‐1  ‐6  ‐2  ‐6  ‐1  ‐6  ‐2  ‐6  ‐0.89  ‐6.33 
150  0  ‐6  ‐1  ‐6  0  ‐6  ‐1  ‐6  0.45  ‐5.80 
155  1  ‐5  0  ‐5  1  ‐5  0  ‐5  1.46  ‐4.94 
160  2  ‐4  0  ‐4  2  ‐4  0  ‐4  2.28  ‐4.12 
165  2  ‐4  1  ‐4  2  ‐4  1  ‐4  2.36  ‐3.82 
170  1  ‐5  ‐1  ‐5  1  ‐5  ‐1  ‐5  1.09  ‐4.85 
175  0  ‐5  ‐1  ‐5  0  ‐5  ‐1  ‐5  0.38  ‐5.01 
180  ‐3  ‐8  ‐5  ‐8  ‐3  ‐8  ‐5  ‐8  ‐3.47  ‐8.25 
185  ‐8  ‐12  ‐9  ‐12  ‐8  ‐12  ‐9  ‐12  ‐8.12  ‐12.14 
190  ‐10  ‐13  ‐10  ‐12  ‐10  ‐13  ‐10  ‐12  ‐9.56  ‐12.54 
195  ‐11  ‐14  ‐12  ‐14  ‐11  ‐14  ‐12  ‐14  ‐11.45  ‐14.09 
200  ‐10  ‐11  ‐10  ‐10  ‐10  ‐11  ‐10  ‐10  ‐9.91  ‐11.20 
205  ‐11  ‐12  ‐11  ‐11  ‐11  ‐12  ‐11  ‐11  ‐11.24  ‐11.84 
210  ‐10  ‐9  ‐10  ‐8  ‐10  ‐9  ‐10  ‐8  ‐9.64  ‐9.02 
215  ‐9  ‐8  ‐9  ‐6  ‐9  ‐8  ‐9  ‐6  ‐9.19  ‐7.63 
220  ‐9  ‐7  ‐9  ‐5  ‐9  ‐7  ‐9  ‐5  ‐8.73  ‐6.67 
225  ‐8  ‐6  ‐8  ‐5  ‐8  ‐6  ‐8  ‐5  ‐8.02  ‐5.88 
230  ‐7  ‐5  ‐7  ‐4  ‐7  ‐5  ‐7  ‐4  ‐6.80  ‐4.99 
235  ‐5  ‐4  ‐5  ‐3  ‐5  ‐4  ‐5  ‐3  ‐4.72  ‐3.64 
240  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1.34  ‐1.38 
245  4  2  4  2  4  2  4  2  3.70  2.32 
250  9  6  9  5  9  6  9  5  8.63  6.17 
255  11  8  11  6  11  8  11  6  11.32  8.33 
260  11  8  11  6  11  8  11  6  10.74  7.52 
265  11  9  11  7  11  9  11  7  10.96  8.83 
270  8  6  7  5  8  6  7  5  7.69  6.24 
275  6  5  6  4  6  5  6  4  6.12  5.20 
280  6  6  6  5  6  6  6  5  6.06  6.05 
285  5  6  5  5  5  6  5  5  4.74  5.83 
290  4  7  5  6  4  7  5  6  4.34  6.85 
295  4  8  5  7  4  8  5  7  3.92  7.77 
300  2  7  3  7  2  7  3  7  2.07  7.16 
305  1  7  2  6  1  7  2  6  0.69  6.63 
310  ‐1  6  1  6  ‐1  6  1  6  ‐0.54  6.08 
315  ‐1  6  0  6  ‐1  6  0  6  ‐1.37  5.77 
320  ‐2  6  0  6  ‐2  6  0  6  ‐1.70  5.75 
325  ‐1  6  0  6  ‐1  6  0  6  ‐1.32  6.12 
330  0  7  1  7  0  7  1  7  0.13  7.02 
335  3  8  3  8  3  8  3  8  3.00  8.27 
340  7  10  7  10  7  10  7  10  6.82  9.78 
345  10  10  10  10  10  10  10  10  9.50  10.07 
350  9  8  10  8  9  8  10  8  9.47  8.41 
355  12  9  12  9  12  9  12  9  12.32  8.99 
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4.4.2.3 IFA Antenna Array  
The receiving mode method was used to generate the decoupling matrices for the 
IFA antenna array. The Table 4-7 shows that the decoupling matrix is much more 
angle-dependent for this non-isotropic type of antennas. The decoupling matrices 
for four different angles are completely different from each other, therefore more 
attention is needed when implementing mutual coupling compensation in practice. 
The true angles are calculated using the receiving mode matrices as shown in 
Table 4-8. In contrast to the transmitting mode method, the receiving mode method 
shows considerable improvement in the true angle estimation. The maximum 
estimation error after compensation is 1 degree for all direction-finding algorithms. 
 
Table 4-7: IFA antenna array receiving mode decoupling matrix for different 
incoming signals 
15 Degree 120 Degree 
൥
૚ െ૙. ૙ૡ૟૜ ൅ ૙. ૟૛૙૚࢏ െ૙. ૞ૡ૞ૡ ൅ ૙. ૝ૢૠ࢏
െ૙. ૚૚ૡ૜ െ ૙. ૚૝ૠૡ࢏ ૚ ૙. ૙ૠૢૡ െ ૙. ૙૝૚૜࢏
െ૙. ૜ૠ૞૝ െ ૙. ૙૛૚ૡ࢏ ૙. ૚૟ૠૡ െ ૙. ૞૜૟૝࢏ ૚
൩ ൥
૚ െ૙. ૙ૢ૛૚ െ ૙. ૙૚૞૚࢏ ૙. ૙૛૞૚ െ ૙. ૙૟૜૚࢏
૙. ૙૛૝ૡ െ ૙. ૙૝૚૚࢏ ૚ ૙. ૙૛ૡ૛ െ ૙. ૙૞ૠૢ࢏
૙. ૙૙ૡ૚ െ ૙. ૙૞૜ૡ࢏ െ૙. ૙ૢ૚૚ െ ૙. ૙૛૞ૠ࢏ ૚
൩ 
205 Degree 320 Degree 
൥
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െ૙. ૙૝ૠ െ ૙. ૚૛૚૛࢏ ૚ െ૙. ૙૟૚૝ െ ૙. ૚૙૜૝࢏
െ૙. ૙૚૟૜ െ ૙. ૚૜૜૚࢏ ૙. ૙૛૜ૠ െ ૙. ૙૚૞૛࢏ ૚
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116 
 
Table 4-8: AOA estimation error before and after receiving mode compensation for 
IFA array 
AOA-
ref 
(deg) 
AOA error -
Proposed- 
phase only 
AOA error -
Proposed 
Amplitude and 
phase 
AOA error -
MUSIC 
phase only 
AOA error -
MUSIC 
Amplitude and 
phase 
AOA error -
Interferometry 
Before After Before After Before After Before After Before After 
15  ‐2  1  ‐4  1  ‐2  1  ‐4  1  ‐2.4  1.2415 
120  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1  ‐1.38  ‐0.8 
205  ‐4  1  ‐2  1  ‐4  1  ‐2  1  ‐3.8  0.53 
320  ‐3  0  ‐1  0  ‐3  0  ‐1  0  ‐3.12  ‐0.23 
 
 
 
 
4.5 Comparison of Proposed Angle of Arrival Estimation 
Algorithm for Different Antenna Array Geometries with 
Mutual Coupling and Coupling Compensated 
Multi-element antenna arrays were constructed on a 1ߣ	ݔ	1ߣ square conducting 
surface with element spacing of ߣ/4 to compare the performance of the proposed 
algorithm using different antenna geometries against the phase interferometry, 
Bartlett and MUSIC AoA algorithms and to evaluate the improvement in angle 
estimation by applying decoupling matrices. The receiver array was rotated at 10-
degree steps for the whole azimuth plane and the results are discussed below. 
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4.5.1 5-element Circular Ring Array 
A 5-element uniform circular antenna array (UCA) with element separation of 72 
degrees was evaluated first. It was assumed that a single ray is impinging on the 
receiver array and complex noise was added to the received signal. The signal to 
noise ratio was kept at 0 dB. 
 
 
Figure 4-6: Performance Evaluation of the AOA Algorithms for a 5- element UCA 
with Mutual Coupling and Coupling Compensated for a True Angle of 0 Degrees 
 
The results obtained in Figure 4-6 show how the estimation error performance was 
improved for the Interferometry, Bartlett and MUSIC algorithms. The interferometry 
algorithm had estimation error which was removed after the decoupling matrix was 
applied, and for the Bartlett and MUSIC algorithms the lobes sharpened after the 
decoupling matrix was applied. The proposed algorithm showed superior 
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performance with no side lobes and no estimation error occurred for this angle so 
the estimation angle before and after the coupling compensation remains the 
same. 
 
 
Figure 4-7: Performance Evaluation of the AOA Algorithms for a 5- element UCA 
with Mutual Coupling and Coupling Compensated for a True Angle Of 0 Degrees 
 
In Figure 4-7 another angle was evaluated to be a true angle and again it can be 
seen that the estimation performance of the proposed algorithm is far superior to 
any of the know AoA techniques. The performance of the proposed algorithm 
remains unchanged after the application of the decoupling matrix as there were no 
estimation errors and no side lobes however, the decoupling matrix does provide 
improvement in terms of improved side lobes for Bartlett and MUSIC and removes 
the angle estimation error in interferometry algorithms.  
 
 
119 
 
Table 4-9: Performance Analysis of Five Element Circular Ring Array 
 
 
 
 
Figure 4-8: Comparison of the Performance of the Proposed Algorithm for a 5-
Ring Circular Array with Mutual Coupling and with Mutual Coupling 
Compensated 
 
From Table 4-9, the maximum angle error was 4 degrees for the proposed angle of 
arrival estimation method when there was mutual coupling present between the 
antenna elements. The maximum error was reduced by 1 degree by applying the 
received mutual impedance decoupling method. The results for all the 36 angles 
are listed in Table 4-10. 
 
Max. Error 
(Degrees) Without 
Coupling 
Compensation
Max. Error 
(Degrees) After 
Coupling 
Compensation
Number of 
Angles 
Improved
Number of 
Angles 
Unchanged
Number of 
Angles 
worsened 
44 3 13 19
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Table 4-10: Angle Estimation Performance of the Five Element Circular Ring 
Array with Mutual Coupling and with Coupling Compensated 
 
AoA_REF Without Coupling Compensation
After Coupling 
Compensation
Error Without 
Coupling 
Compensation
Error After 
Coupling 
Compensation
0 0 0 0 0
10 8 8 2 2
20 17 17 3 3
30 30 30 0 0
40 41 41 -1 -1
50 51 51 -1 -1
60 61 62 -1 -2
70 74 73 -4 -3
80 83 81 -3 -1
90 91 90 -1 0
100 99 99 1 1
110 109 108 1 2
120 121 121 -1 -1
130 131 131 -1 -1
140 141 140 -1 0
150 151 150 -1 0
160 163 162 -3 -2
170 172 170 -2 0
180 180 180 0 0
190 188 189 2 1
200 197 198 3 2
210 209 209 1 1
220 219 219 1 1
230 229 228 1 2
240 239 238 1 2
250 251 251 -1 -1
260 261 260 -1 0
270 269 270 1 0
280 277 279 3 1
290 286 287 4 3
300 299 299 1 1
310 309 309 1 1
320 319 319 1 1
330 330 330 0 0
340 343 343 -3 -3
350 352 352 -2 -2
5 Element Circular Ring Array
 
 
121 
 
A total of 13 angles were improved out of which the error was reduced to 0 
degrees for 7 angles. In total for 24 angles the total error was reduced to 1 degree 
or less. The other main benefit of the proposed algorithm which is also evident 
from the results is that due to the sharper peaks average error for different power 
thresholds is very less while on the other hand in the MUSIC algorithm, the 
coupling compensation helps reduce the size of the lobes and make it sharper but 
the average error is still greater than the proposed algorithm. This technique is 
further tested using a 4–element circular ring array where the receiver elements 
are placed at 0 degrees, 90 degrees, 180 degrees and 270 degrees in the azimuth 
plane and in the level plane with the transmitter antenna. 1λ x 1λ square 
conducting surface with element spacing of λ/4 was used for the next simulations. 
The total error performance comparison of this five-element circular ring geometry 
with mutual coupling and with mutual coupling compensated is shown in Table 
4-10. 
 
4.5.2 4-element Circular Ring Array 
A 4-element uniform circular antenna array (UCA) with element separation of 90 
degrees was constructed. It was again assumed that only a single ray is impinging 
on the receiver array and complex noise was added to the received signal. The 
signal to noise ratio was kept at 0 dB as was for the previous experiment with 5-
element uniform circular array to provide consistency in the comparison results 
between the different array geometries. The results obtained are discussed below. 
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Figure 4-9: Performance Evaluation of the AOA Algorithms for a 4- element UCA 
with Mutual Coupling and Coupling Compensated for a True Angle of 0 Degrees 
 
The results obtained in Figure 4-9 show very similar results to those of the results 
obtained for the 5-element array in Figure 4-6 for the true angle of 0 degrees that 
the estimation error performance was improved for the Interferometry, Bartlett and 
MUSIC algorithms. The interferometry algorithm had an estimation error which was 
resolved after the decoupling matrix was applied, and for the Bartlett and MUSIC 
algorithms the spectrum became more streamlined with smaller side lobes after the 
decoupling matrix was applied. The proposed algorithm showed superior 
performance with no side lobes and no estimation error occurred for this angle so 
the estimation angle before and after the coupling compensation remains the 
same. 
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Figure 4-10: Performance Evaluation of the AOA Algorithms for a 5- element 
UCA with Mutual Coupling and Coupling Compensated for a True Angle Of 180 
Degrees 
 
In Figure 4-10, 180 degrees was evaluated to be a true angle and again it can be 
seen that the estimation performance of the proposed algorithm is very similar to 
that of the 5-element array as shown in Figure 4-7 and far superior to any of the 
other evaluated AoA techniques. The performance of the proposed algorithm 
remains unchanged after the application of the decoupling matrix as there were no 
estimation errors and no side lobes however, the decoupling matrix does provide 
improvement in terms of narrower side lobes for Bartlett and MUSIC and removes 
the angle estimation error in interferometry algorithm. The performance of the 4-
element array for all angles before and after the application of the decoupling 
matrix is discussed next. 
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Table 4-11: Performance Analysis of Four Element Circular Ring Array 
 
 
 
From Table 4-11 the maximum angle error in degrees was 5 degrees when there 
was mutual coupling present between the antenna elements. The max error was 
reduced by 3 degrees by applying the received mutual impedance based 
decoupling method. Total 23 angles were improved out of which the error was 
reduced to 0 degrees for 10 angles. All the angles after the mutual coupling 
compensation had 1 degree or less estimation error. Figure 4-11 provides a good 
visual understanding on the improvements in the performance of the proposed 
estimator with mutual coupling present and compensated. It can be suggested 
here that in the presence of complex noise and with an SNR of 0 dB angle error of 
2 degrees is quite acceptable. 
 
 
Figure 4-11: Performance of the Proposed Algorithm for a 4-ring Circular Array  
Max. Error 
(Degrees) 
Without 
Coupling 
Compensation
Max. Error 
(Degrees) After 
Coupling 
Compensation
Number of 
Angles 
Improved
Number of 
Angles 
Unchanged
Number of 
Angles 
Worsened
5 2 23 13 0
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A comparison between the estimation performance of the proposed algorithm with 
a 5-element UCA and a 4-element UCA in the presence of mutual coupling and 
after the application of the decoupling matrix is presented in Figure 4-12. 
 
 
Figure 4-12: Performance of The Proposed Algorithm for a 5-ring and a 4-ring 
Circular Array with Mutual Coupling and with Mutual Coupling Compensated 
 
It is clear from the results that the increased number of elements provided a higher 
estimation accuracy when there was mutual coupling present between the antenna 
elements but on the other hand once the degrading effects of the mutual coupling 
were removed the angle estimation performance for both arrays is very similar with 
the advantage of one less element in the array thus resulting is easier 
implementation and lower cost as well as less processing. The detailed results of 
all angles for a 4-element array with mutual coupling and with coupling 
compensated are presented in Table 4-12. 
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Table 4-12: Angle Estimation Performance of the 4-element Circular Ring Array 
with Mutual Coupling and with Coupling Compensated 
 
 
 
AoA_REF
Without 
Coupling 
Compensation
After Coupling 
Compensation
Error Without 
Coupling 
Compensation
Error After 
Coupling 
Compensation
0 0 0 0 0
10 7 9 3 1
20 16 20 4 0
30 28 32 2 ‐2
40 39 41 1 ‐1
50 51 50 ‐1 0
60 62 59 ‐2 1
70 75 71 ‐5 ‐1
80 83 81 ‐3 ‐1
90 90 90 0 0
100 97 99 3 1
110 106 109 4 1
120 118 121 2 ‐1
130 129 130 1 0
140 141 139 ‐1 1
150 152 148 ‐2 2
160 165 160 ‐5 0
170 173 171 ‐3 ‐1
180 180 180 0 0
190 187 190 3 0
200 195 200 5 0
210 207 210 3 0
220 219 221 1 ‐1
230 231 229 ‐1 1
240 243 239 ‐3 1
250 255 250 ‐5 0
260 263 261 ‐3 ‐1
270 270 270 0 0
280 277 280 3 0
290 285 290 5 0
300 298 302 2 ‐2
310 309 311 1 ‐1
320 321 319 ‐1 1
330 333 329 ‐3 1
340 345 341 ‐5 ‐1
350 353 351 ‐3 ‐1
4 Element Circular Ring Array
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4.6 Conclusion 
In this chapter, the mutual coupling effect on antenna arrays was discussed. It is 
important to compensate this negative effect in direction finding applications. 
Different mutual coupling compensation methods were introduced and the 
implementation method was explained. The decoupling matrices using these 
methods were then generated and applied to simulation data. After validating these 
matrices by various direction-finding algorithms, compared to other methods, the 
receiving mode method is easy to apply, requiring the same amount of calculation 
and memory space as the open-circuit voltage method. In summary, per the results 
provided by simulation the receiving mode decoupling method can provide more 
improvements in terms of AOA estimation in situations requiring real-time 
processing, such as adaptive direction finding. 
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5. NOVEL RECONFIGURABLE 
ELECTRICALLY SMALL ANTENNA FOR 
ASSET TRACKING 
 
The increase in demand of the wireless technology applications and the scarcity of 
the microwave spectrum has caused a tremendous increase in the requirement of 
new and efficient antenna design techniques. In a tracking system, it is ideal that 
both the transmitter antenna and receiver arrays are small and discrete. In 
practise, the tracking systems might employ more than one localisation solution 
such as a combination of radio frequency (RF) and GPS thus greatly affecting the 
available space for the antenna array as there will be a requirement of a GPS 
receiver antenna. In addition to the small design the antenna must also provide 
suitable and reliable performance. The lower frequencies are also of great interest 
for the localization purposes because of their longer wavelengths but the design of 
antennas for those frequencies poses a challenge because the conventional 
techniques result in structures that are physically too big and thus integration of 
those antennas into mobile devices with low profiles is very challenging. In this 
regard the electrically small antenna have been regarded as a viable solution  
[349-351] but the design of such antennas is challenging due to the limitations as 
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described in [352] and then revisited in [349], the author in [353] also details the 
limitations applicable on electrically small antennas. 
 
In [354, 355] the authors have proposed miniaturized low profile antennas that 
exhibit omni-directional radiation pattern with vertical polarisation. In [356] authors 
have proposed low profile antennas that can be installed on automotive. An omni-
directional antenna radiation pattern is of paramount importance for applications 
where the sensor deployment is random such as in localization applications and in 
non-line of sight situations. Per [354] for line of sight or non-line of sight 
applications the antenna with a vertical polarization is less prone to path loss. The 
large wavelength at the low frequencies results in a high Q value and narrow 
bandwidth for the electrically small antennas due to their compact size. Therefore, 
an electrically small antenna with decent operational bandwidth for low frequency 
applications is highly desirable. 
 
Reconfigurable antennas are active antennas  that has the capability to modify 
their properties such as bandwidth, frequency, radiation pattern and polarization 
according to the application needs [357, 358]. This frequency reconfigurability is a 
beneficial trade in antennas for diverse applications, as it reduces the bandwidth 
requirement, because the antenna does not have to operate on all frequencies 
simultaneously thus improving the antenna functionalities without increasing the 
size and design complexity [359, 360]. Other desirable features of frequency 
reconfigurable antennas include low profiles and cost and their ability to be used 
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for a range of applications making them highly desirable for  modern wireless 
systems [361]. 
 
Several works have been published where authors have achieved the frequency 
reconfigurability by altering the antenna’s effective length by using methods such 
as RF-Micro-Electro-Mechanical Systems RF-MEMS for the purpose of frequency 
tuning  [362-364]. In 11 the authors have employed varactor diodes to redirect the 
surface currents, thereby producing a change in capacitance which in turn allows 
for smooth frequency change, the use of RF-P-I-N diodes is another way for 
achieving tuneable frequency bands as reported in [365-368]. The antenna 
frequency reconfigurability using RF-MEMS exhibits lower loss and higher Q 
factors in comparison with varactor and PIN diodes [369]. On the other hand, PIN 
diodes have low cost, relatively high power handling capability, faster switching 
speed, good isolation, low insertion loss and are easier to fabricate for optimal 
performance [370] 
 
The solution to the problem of limited bandwidth of the electrically small antennas 
at low frequencies can be solved using the frequency reconfigurability if the 
antenna does not have to operate at all frequencies simultaneously. It is a common 
practice among telecom industry to have frequency reconfigurable antennas in the 
mobile devices for worldwide connectivity.  
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In this chapter, the design and implementation of an electrically small 
reconfigurable low profile logarithmic spiral antenna for low frequency applications 
is presented. The antenna exhibits an omni-directional radiation pattern. The low 
profile, low cost and ease of manufacturing makes this antenna the best suited 
candidate for localization applications. The antenna was designed using Computer 
Simulation Technology and the prototype was built and tested using an anechoic 
chamber.  
 
The chapter is organized as follows. Firstly, in Section 5.1 the design and 
implementation of the antenna is discussed followed by Section 5.2 which will 
highlight the results of the antenna design including return loss and radiation 
pattern. The chapter is concluded in Section 6.3 
 
5.1 Antenna Design and Implementation  
As the front-end of the wireless communication link, the antenna performance has 
a huge impact on the system quality, e.g. link budget, direction finding accuracy, 
etc. On the other hand, the antenna design need to consider the system 
requirement, for example to meet the bandwidth requirement of the modulation 
scheme and to qualify the polarisation and radiation pattern requirement of the 
direction-finding algorithms. The antenna should be designed under consideration 
of the entire integrated hardware devices and its possible working environment. 
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Finally, a good antenna design should have long life, low power consumption, and 
suitable to work under various environmental conditions. 
The antenna design requirements for any localization system in general can be 
summarised as below. 
 
 Radiation pattern: Approximately omni-directional radiation pattern in the 
azimuthal plane and wide beamwidth in the vertical direction. 
 Input impedance: The input impedance should be well matched to the 
source impedance over the whole bandwidth of operation, even in the 
presence of detuning from the objects in the proximity.  
 Efficiency: Able to achieve a high conversion of the input RF power into 
radiation over the whole range of conditions of use. 
 Manufacturability: Ease of manufacturing and low cost. 
 Size: As small as possible, consistent with meeting the performance 
requirements. Increasingly, the ability to fit into a consumer product of 
acceptable size. 
 
 
5.1.1  Antenna Geometry 
The proposed antenna is designed using an FR-4 as a substrate with a thickness 
of 1.6 mm, the substrate has a tangential loss of 0.02 and the relative permittivity 
ߝ௥ of 4.3. The geometry of the antenna is shown in Figure 5-1. The antenna is 
comprised of two double sided printed boards.  
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Figure 5-1: Geometry of The Proposed Antenna 
 
The top of the first double sided printed board consists of multi arm logarithmic 
spirals as shown in Figure 5-2 (a). The logarithmic spirals are preferred as these 
geometries usually provide wider bandwidth when compared to thin strip square 
spirals. The log-spiral multi-arm design has a total inner radius = 6 mm, and the 
spiral progress is 0.26 with the increment angle of 5°. Each arm consists of 1.12 
turns.  
 
  
(a) (b) 
Figure 5-2: (a) Top Layer with Multi Element Log Spirals (b) Matching Circuit with 
Tuning Extensions 
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The bottom layer consists of the matching circuit and the tuning extensions as 
shown in Figure 5-2 (b), the total diameter of the substrate is D = 72 mm. The total 
length of the matching circuit is Ls = 25 mm and the length of the tuning extension 
circuit is Lt = 11 mm as shown in Figure 5-3. The matching strip width on the 
bottom of the substrate is s1 = 1 mm, and the width of the parallel matching stubs 
s2 = 0.5 mm. The shorting vias are used to connect the logarithmic spirals to the 
matching circuit and the shorting pins are used to connect to the ground plane. 
There are total 4 shorting vias and 4 shorting pins. The total height of the antenna 
is h = 16 mm.  
 
 
Figure 5-3: Matching Circuit with Tuning Extensions 
 
PIN diodes are added between the tuning extensions and the tuning extensions 
are then connected to the tuning circuit on the bottom of the second double sided 
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printing board which is also made of FR-4 substrate and has copper ground plane 
on the top side as shown in Figure 5-4(a) and the tuning circuit on the bottom as 
shown in Figure 5-4 (b). The tuning circuit is then used to provide the 3V DC 
voltage to turn the diodes ON/OFF thus changing the current distribution and 
allowing for frequency reconfigurability.  
 
  
(a) (b) 
Figure 5-4: (a) Antenna Mounted on The Ground Plane (b) Tuning Circuit 
 
5.1.2 Design Methodology 
The addition of the tuning extensions causes a change in the total matching circuit 
and thus results in new resonant frequencies which is very useful because at lower 
frequencies with higher wavelengths and electrically small antenna designs the Q 
values are high thus very small bandwidths. The frequency reconfigurability 
provides the added advantage of extra bandwidth for the antenna designs working 
in lower frequency bands. The total size of the proposed antenna is ߣ/43 and the 
resonant frequency is 400 MHz. The addition of the tuning circuit does not affect 
the antenna’s fundamental frequency. Various steps that were adopted for the 
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design and optimization of this antenna are illustrated in a way of a flow chart in 
Figure 5-5. 
 
Figure 5-5: Antenna Design Methodology 
 
5.1.3 Switch Design 
To implement the electronic frequency reconfigurability, PIN diodes were used to 
replace the ideal shunt switches. PIN diodes are ideal for this antenna design due 
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to their small size, high reliability, fast switching speed and negligible capacitance 
and resistance in the OFF and ON states. The circuit diagram of the PIN diode 
acting as a shunt is shown in Figure 5-6 
 
Figure 5-6: PIN Diode as A Shunt 
 
The ON/OFF states equivalent circuits of the PIN diode based on Figure 5-6 are 
illustrated in Figure 5-7 (a) and (b); where ܮ௦ and ܥ் define the packaging effect 
values while the rest of the components model the electrical properties for the PIN 
diode junction in (a) OFF (b) ON states. 
 
        (OFF) 
 
 
 
 
(ON) 
(a)  (b)  
Figure 5-7: PIN Diode as A Shunt 
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The circuit diagram of the electrical tuning circuit is illustrated in detail in Figure 
5-8. 
 
Figure 5-8: Antenna Tuning Circuit 
 
5.2 Results and Discussions 
The simulations of the reconfigurable antenna with the PIN diodes was carried out 
to achieve an agreement between the simulated and measured results. The 
simulations were carried out using the CST Microwave Studio Design Suite.  
Return loss, radiation patterns and antenna gain were simulated and the values 
were then checked against the measurement results obtained using the prototype 
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antenna measured in an anechoic chamber with the HP 8510C network analyser. 
Both the simulated results and measured results show great agreement. 
 
5.2.1 Reflection Coefficient 
The possible switching states that can be obtained using the five PIN diodes are 
summarised in Table 5-1. The diodes provide the antenna tuning over a band of 
390 MHz – 415 MHz. CST design studio was used to first evaluate impedance 
bandwidth (for S11 < -10 dB) for the five basic states with one diode ON and the 
remaining diodes in the OFF state. Similarly, the prototype antenna was analysed 
the network analyser to validate the results ଵܵଵ for the same setup. The simulated 
results are presented in Figure 5-9 (a) and the measurement results are presented 
in Figure 5-9 (b).  
 
Table 5-1: Possible Frequency Reconfiguration Combinations for the Proposed 
Antenna Design 
SEQUENCE DIODE 1 DIODE 2 DIODE 3 DIODE 4 DIODE 5 
1 ON OFF OFF OFF OFF 
12 ON ON OFF OFF OFF 
13 ON OFF ON OFF OFF 
14 ON OFF OFF ON OFF 
15 ON OFF OFF OFF ON 
123 ON ON ON OFF OFF 
124 ON ON OFF ON OFF 
125 ON ON OFF OFF ON 
134 ON OFF ON ON OFF 
135 ON OFF ON OFF ON 
145 ON OFF OFF ON ON 
1234 ON ON ON ON OFF 
1245 ON ON OFF ON ON 
12345 ON ON ON ON ON 
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2 OFF ON OFF OFF OFF 
23 OFF ON ON OFF OFF 
24 OFF ON OFF ON OFF 
25 OFF ON OFF OFF ON 
234 OFF ON ON ON OFF 
245 OFF ON OFF ON ON 
2345 OFF ON ON ON ON 
3 OFF OFF ON OFF OFF 
34 OFF OFF ON ON OFF 
35 OFF OFF ON OFF ON 
345 OFF OFF ON ON ON 
4 OFF OFF OFF ON OFF 
45 OFF OFF OFF ON ON 
5 OFF OFF OFF OFF ON 
 
 
It can be seen from Figure 5-9 (a) that the return loss for all the resonant 
frequencies is better than -20 dB. In the corresponding Figure 5-9 (b) it can also be 
seen that the return loss for all resonant frequencies is again better than -20 dB 
with minor differences which can be attributed to the fabrication error. Thus, both 
the simulated and the measured results are in good agreement.  
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Figure 5-9: (a) Simulated Reflection Coefficient (b) Measured Reflection 
Coefficient 
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The prototype antenna is shown in Figure 5-10 (a) and the measured return loss 
for six different states is presented in Figure 5-10 (b) with no diode, with diode 1 
ON only, with diode 1 and 2 ON, with diode 1 and 3 ON, with diode 1 and 4 ON 
and with diode 1 and 5 ON, all the results show the reflection coefficient to be 
better than -20 dB. 
 
 
(a) (b) 
Figure 5-10: (a) Prototype Antenna (b) Measured Return Loss Using Diode 
Combinations 
 
 
5.2.2 Radiation Pattern 
The normalised radiation pattern of the antenna at 400 MHz is shown in Figure 
5-11, from which the radiation pattern of the antenna in the H-plane is omni-
directional, while in the E-plane the antenna exhibits a radiation pattern that looks 
like a figure-of-eight. Due to the small ground plane size of the antenna for the 400 
MHz resonant frequency the cross-polarization level decrease by 5 -10 dB from the 
co-polar level, the antenna has a measured gain of 0.3 dB and the simulated gain 
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of 0.5 dB. In Figure 5-11 the E-CO and E-x represent the co-polarization and cross-
polarization characteristics, respectively. 
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Figure 5-11: Measured Radiation Pattern of the Prototype Antenna in E-Plane 
and H-Plane Co polarization and Cross polarization 
 
The Figure 5-12 represents the radiation patterns in the electrical and magnetic 
field planes for different frequency points achieved by using the PIN diode 
combinations. These radiation patterns indicate that the designed prototype 
antenna meets the objectives of the designs for an electrically small 
reconfigurable antenna that is well suited for the tracking system integration with 
25 MHz bandwidth.  
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Figure 5-12: Measured Radiation Pattern of the Prototype Antenna for Various 
Operating Frequencies 
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5.2.3 Gain 
 
The proposed antenna has a simulated gain of -3 dB and measured gain of -5 dB. 
The variation in the result can be attributed to the non-ideal absorbers and the 
coaxial cable length in the anechoic chamber. 
 
5.3 Conclusion  
 
A new miniaturized low profile reconfigurable antenna design is presented. The 
antenna has a low profile (16mm) and a compact size (diameter = 72 mm) and 
provides a vertical polarized monopole like the omni-directional radiation pattern. 
The use of the log-spirals in the design allows for the sensor structure to provide 
better performance and a wide band and is very suitable for TETRA wideband and 
wideband VHF/UHF frequency applications. The antenna has a sufficient gain and 
provides considerable efficiency with a small finite ground plane making it a very 
suitable choice for applications that require antenna surface mountings with size 
constraints. 
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6. MEASUREMENT RESULTS FOR THE 
PROPOSED ANGLE OF ARRIVAL 
ESTIMATION TECHNIQUE EMPLOYING AN 
ARRAY OF PROPOSED ELECTRICALLY 
SMALL RECONFIGURABLE MULTI-ELEMENT 
ANTENNA 
 
 
6.1 Introduction 
After simulating the proposed angle of arrival estimation design for various antenna 
geometries under different environments using different radiators i.e. monopole 
and inverted F antenna (IFA) based arrays, it is now necessary to test the 
performance of the proposed algorithm described in Chapter 3, with an antenna 
array consisting of the proposed antenna detailed in Chapter 5 to get a good 
agreement between the simulated results and the measured results. 
 
6.2 Simulation Setup 4-Ring Circular Array 
Different antenna array geometries were constructed using the prototype antenna. 
The first array geometry was a ring of 4 elements arranged in a uniform circular 
array (UCA) with inter-element spacing of ߣ/4 at an operating frequency of 
400MHz and elemental separation of 90 degrees using a circular finite ground 
plane of 1m x 1m A 400 MHz log periodic reference antenna was used as a 
transmitter for the measurements. The measurement setup is summarised for the 
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4-element UCA in Table 6-1 and shown in Figure 6-1 The real and imaginary 
values obtained from each antenna were then imported into MATLAB to perform 
the digital signal processing (DSP). 
 
Table 6-1: Measurement Parameters for the 4 – Elements Uniform Circular Array 
Parameter Value 
Number of Elements 4 
SNR 0 dB 
Antenna Spacing λ/4 
Number of Snapshots 100 
Noise  AWGN 
. 
 
 
Figure 6-1: Simulation Setup for Prototype Antenna Array Testing 
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6.2.1 Results and Discussion 
In the measurements, the receiver array was rotated at 10-degree step size for the 
whole azimuth plane of 360 degrees and the results were captured and processed. 
Figure 6-2 shows the angle estimation performance of the four algorithms for the 
angle of arrival reference or true angle of 0 Degrees. The Bartlett algorithm 
produced enormous side lobes and the resolution is not good.  
 
 
Figure 6-2: Performance Comparison Using 4-element UCA for True Angle of 0 
Degree 
 
Even though all algorithms could resolve the true angle with 1 degree error only the 
proposed algorithm produced a very fine peak. For the interferometry algorithm, it 
has been seen during simulations in Chapter 3 that the estimator has an 
acceptable performance when there is a finite ground plane available which is 
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visible from Figure 6-2. Performance of the angle estimation algorithms is plotted 
for another true angle of 180 degrees in Figure 6-3: and again, pretty similar results 
are obtained where the proposed algorithm produces a very fine peak in the 
direction of the true angle whereas the Bartlett algorithm and the MUSIC algorithm 
have very wide side lobes. 
 
 
Figure 6-3: Performance Comparison Using a 4-element UCA for a True Angle of 
180 Degrees 
 
 
The overall comparison of all algorithms for all 36 angles in the azimuth plane is 
presented in Figure 6-4 and the performance of all algorithms is quite similar 
except for some angles where interferometry algorithm has shown a big angle error 
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performance and that is because of the angle ambiguities caused by the number of 
elements present in the antenna array are not sufficient to completely resolve the 
angle for the interferometry algorithm as discussed in Section 3.4.5. 
 
 
Figure 6-4: Performance Comparison Using a 4-element UCA for the Whole 
Azimuth Plane 
 
 
From the measurement results obtained for the 4-element array the performance 
advantage of the proposed algorithm is quite clear. The proposed solution with its 
advantage of sharper peaks and quite reliable estimation performance makes this 
algorithm a better choice for applications that require information regarding the 
source angle of arrival.  
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The angle estimation performance comparison between the simulated results and 
the measured results are presented in Figure 6-5. The results show that even 
though the measurement error was a little higher than the simulated but it is within 
acceptable limits without any sort of addition digital signal processing for a 4-
element array with a quarter wavelength spacing.  
 
 
Figure 6-5: Performance Comparison of 4-element UCA for the Whole Azimuth 
Plane Using Simulated and Measured Data 
 
Next the performance of the proposed algorithms was compared using multiple 
impinging rays. From Figure 6-6 the proposed algorithm, Bartlett and MUSIC 
algorithms could closely resolve the two incoming rays while the Interferometry 
algorithm completely failed to estimate the true angle.  
 
 
 
151 
 
Up to this point it has been shown how all the algorithms could resolve the correct 
angle for a single source. Next it will be shown how the performance of these 
algorithms relate under power thresholds. 
 
 
Figure 6-6: Performance Comparison Using a 4-element UCA for Multiple 
Received Rays 
 
6.3 Average Error Performance Comparison Using Restricted 
Power Threshold 
To verify the performance of the proposed method and to compare it against the 
widely-accepted MUSIC and phase interferometry algorithms the results from the 
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same 4-element array were used. The performance of these algorithms was 
compared using the power threshold limits. The results suggested that the wider 
side lobes produced by the MUSIC algorithms cause the estimator to result in more 
than one true angle of arrival estimation thus the total average error increases and 
thus reducing the performance efficiency. For all three threshold levels of 0.25%, 
0.50% and 0.75% the phase interferometry technique outperforms the super 
resolution techniques.  
 
   
(a) (b) (c) 
Figure 6-7: Average Error Performance of AoA Algorithms at Power Thresholds of 
(a) 25% (b) 50% (c) 75% 
 
6.4 Simulation Setup 3-Ring Circular Array 
The second array geometry was a ring of 3-elements arranged in a uniform circular 
array (UCA) with inter-element spacing of ߣ/4 at an operating frequency of 
400MHz and elemental separation of 120 degrees using a circular finite ground 
plane of 1m x 1m. A 400 MHz log periodic reference antenna was used as a 
transmitter for the measurements. The measurement setup is summarised for the 
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3-element UCA in Table 6-2 The real and imaginary values obtained from each 
antenna were then imported into MATLAB to perform the digital signal processing 
(DSP). 
 
Table 6-2: Measurement Parameters for the 3 – Elements Uniform Circular Array 
Parameter Value 
Number of Elements 3 
SNR 0 dB 
Antenna Spacing λ/4 
Number of Snapshots 100 
Noise  AWGN 
 
 
6.4.1 Results and Discussion 
In the measurements, the receiver array was rotated at 10-degree step size for the 
whole azimuth plane of 360 degrees and the results were captured and processed 
and are shown in Figure 6-8.  
 
 
Figure 6-8: Performance Comparison Using a 3-element UCA for the Whole 
Azimuth Plane 
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The pattern of estimation algorithms remains consistent where Bartlett, MUSIC and 
Proposed algorithms have consistent performance but interferometry algorithms 
suffers from degraded estimation performance. 
 
When compared with the 4-element UCA the 3-element presents a higher error. 
This error is still within acceptable levels depending upon the application type and 
the design cost constraints. 
 
 
Figure 6-9: Performance Comparison Using 3 and 4-element UCAs for the 
Whole Azimuth Plane 
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6.5 Conclusion  
The performance of the antenna array consisting of 4 elements and 3 elements of 
the proposed sensor was measured using the anechoic chamber and the angle of 
arrival estimation algorithms were applied and compared. The results showed that 
the proposed direction of arrival estimation scheme provides very sharp peaks in 
the direction of the source which in turn improves the overall average estimation 
error at low power levels. The other algorithms suffer from big side lobes which at 
low power levels result in the estimation of multiple angles and increase average 
estimation error.  
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7. ORTHOGONAL FREQUENCY DIVISION 
MULTIPLEXING SCHEME FOR ANGLE OF 
ARRIVAL APPLICATIONS 
 
7.1 Introduction 
With the advancements in wireless communications the number of applications 
requiring the knowledge of the number and location of the sources is growing 
rapidly. In the world of array signal processing the primary technique supporting 
these applications is Angle of Arrival estimation through antenna array [371]. In 
AOA algorithms, the bearing between the receiver and the transmit signal source is 
determined based on the angle of the incoming signal. The multipath fading effects 
of the of the environment such as Doppler shift [372], signal attenuation and low 
values of signal-to-noise ratio make the process of detection of the signal source 
extremely difficult [373]. In cases where there is a LOS signal present the problem 
lies in the separation of the true line of sight signal from the delayed and 
overlapped replicas arriving at the receiver and the addition of noise further 
complicates the process. All these problems make it extremely difficult to detect the 
LOS signal with absolute certainty. To improve the detection of the LOS 
component the resolution of the channel response in time domain requires 
enhancement to resolve for paths and enhance the estimation accuracy of the 
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AOA algorithm. In several scenarios if the wideband system is employed it 
mitigates the negative effects of the multipath and in turn improve the ability of the 
localization system to successfully resolve the paths. Majority of the AOA 
estimation techniques are narrowband estimators. However, the extended versions 
of these algorithms can be applied to wideband scheme. 
 
This chapter presents a coded OFDM system to be used in the application of 
localization systems. In a practical wireless transmission, the spectral response of 
the channel is not flat. The spectral response has nulls present in it which are 
caused by the reflected signals. These reflected signals cannot only cause the 
certain frequencies to be cancelled at the receiver but can also result in deep fades 
in the received signal strength if they arrive at the receiver with the same power as 
that of the direct signal and destructively interfere. In a narrowband transmission, 
the entire signal can be lost if the null is present in the frequency response at the 
transmit frequency. By employing a wideband signal, complete signal loss can be 
avoided. Another solution to complete signal loss is to split the transmission into 
many small narrowband carriers by using Orthogonal Frequency Division 
Multiplexing (OFDM). In such a transmission scheme, multiple carrier frequencies 
can be used to digitally encode the data. This results in the transformation of the 
frequency selective channel into several flat fading channels [374]. Any loss of data 
can be prevented by using coded OFDM in which forward error correction (FEC) 
codes can be applied to the signal before transmission.  
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Moreover, as explained earlier, the received signal at the receiver consists of direct 
line of sight (LOS) signals and non-line of sight (NLOS) signals caused by the 
reflections from the scatterers present in the propagation path between the 
transmitter and the receiver. These reflected signals arrive at the receiver with a 
delay due to the difference in the path length travelled and the received energy is 
spread in time which is referred to as channel delay spread. The channel delay 
spread can be described as the time between first and the last significant multipath 
signal arriving at the receiver. This delay spread is responsible for the inter symbol 
interference (ISI) in the digital wireless communications. The inter-symbol 
interference occurs when a delayed multipath signal overlaps the following 
symbols. One method to reduce the ISI is to divide the bandwidth into several sub 
channels by using OFDM. 
 
This chapter is arranged as follows: Section 7.2 provides the mathematical model 
for the orthogonal frequency division multiplexing scheme that can be employed for 
the angle of arrival estimation followed by Section 7.3 which describes the 
simulation model. Results and discussion are presented in Section 7.4 followed by 
the conclusion in Section 7.5  
 
7.2 Mathematical Model for Orthogonal Frequency Division Multiplexing 
(OFDM) For Angle of Arrival Estimation 
Assume the broadband impulse channel response is given by 
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Extend U() over baseband bandwidth B (shown in Figure 1) for N frequency 
samples, then the ith frequency sample might be expressed by: 
))1(1()1()1( 2222 NnBNBBBi inifnif   (7-5) 
 where 
BfN   (7-6) 
 
Figure 7-1: Assumed bandwidth range 
The sampling time can be stated as follows: 
-B/2 B/2 
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Thus, the minimum sampling frequency assumed by: 
BBfs  22  
(7-8) 
The ith uniform frequency sample of U() can be given by: 
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7.3 Simulation Model 
The wireless propagation simulation software Wireless Insite by Remcom is utilised 
in this study as it can provide the most realistic simulation model for real life 
wireless propagation. It is an electromagnetic simulation tool that helps predict the 
propagation behaviour of electromagnetic waves in the presence of objects with 
different electrical properties. The propagation scenario used in this work is of 
Ottawa city in Canada available from Remcom which can be classified as an urban 
environment as shown in Figure 7-2.  
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Figure 7-2: Study Area for OFDM 
 
A 3-element array of ideal dipoles spatially distributed in the azimuthal plane with 
angular separation of 120 degrees at known locations with inter-element spacing of 
ߣ/3 was used to receive the electromagnetic field propagating from the far field 
transmitter. The output of each element in the antenna array was then used to 
calculate the angle of arrival. The receiver array and the far field transmitter lie in 
the same plane so only azimuthal angle calculations were done. Complex 
Gaussian noise uncorrelated from the signals was added to each element of the 
array. The IFFT was applied to the received channel transfer function to acquire 
the impulse response with 10 multipath including the LOS path over the desired 
band. Each impulse in the frequency range was assigned an AOA and the AOA 
assigned to the impulse with the highest amplitude was the true bearing angle. The 
phase adjustments were done on the received components to account for the 
antenna position within the array so that the impulse response is in line with each 
receiver channel. The dominant impulse from all received channels was then 
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passed to the narrow band angle of arrival estimation technique and the 
performance is evaluated in terms of AOA estimation error 
5.2 Results and Discussion 
 
The results from two different array types, 1) 3-element uniform circular ring array 
with element spacing of 120 degrees and 2) 5-Elements uniform circular array with 
an element spacing of 72 degrees are presented for available bandwidths of 1MHz 
and 10 MHz. 
 
.  
Figure 7-3: Multipaths travelled by the transmitted signal  
 
The Figure 7-4 (a) shows the results for the 3-element UCA where the 
transmission is split into small narrowband carriers using 1 MHz and b) where the 
transmission is split using 10MHz for the total of 11 carriers. It is to be noted that 
there is noise and multipaths presents in the system and the resultant frequency 
domain and time domain results are close to the true AoA for most carriers but still 
not sufficient enough clarity to deduce the true AoA. To further improve the 
performance, the same experiment was repeated with a 5-element UCA. 
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(a) (b) 
Figure 7-4: 3-element Circular Ring Array using OFDM 
 
The results obtained in Figure 7-5 clarify the usefulness of the transmission 
division into narrowband carriers and show how all carriers are in sync with using 
either time or frequency domain estimation technique. It can also be seen that by 
increasing the bandwidth as in Figure 7-5 (b) any minute errors present between 
the time and frequency domain estimation were also resolved. 
 
  
(a) (b) 
Figure 7-5: 5-element Circular Ring Array using OFDM 
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7.4 Conclusion 
 
In this chapter, a multi carrier modulation scheme is evaluated for use in 
localization systems. OFDM can provide many suitable solutions which the single 
carrier modulation scheme or the FDM scheme cannot provide. The ability of the 
OFDM systems to combat multipath make them the most suitable scheme for 
angle of arrival estimation. The higher time resolution and the higher number of 
array elements makes it easier to place decisions on the true angle of arrival 
estimation. In such systems, however for accuracy an assumption must stand that 
there is a line of sight present between the transmitter and receiver and there will 
always be a dominant ray present. If this assumption is to be taken out of the 
equation, then further processing must be applied to cater for non-line of sight 
(NLOS) scenarios and this can include having a memory bank based on previous 
calculations to calibrate the localization system in case a sudden dominant NLOS 
component appears. 
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8. CONCLUSION AND FUTURE WORK  
 
8.1 Conclusion 
An in-depth analysis of the techniques involved in the angle of arrival estimation for 
several antenna configurations and different scenarios for both narrowband and 
wideband spectrum estimations were presented. This type of work has high 
significance in military applications, patient tracking and in providing the location 
based services to the continuously growing community of mobile users. A new 
signal subspace based algorithm is designed, implemented and testes using both 
simulation and measurement models and has shown an improved performance as 
compared to any of the previously proposed algorithms. In addition, a new and 
novel miniaturized reconfigurable logarithmic spiral antenna with improved 
bandwidth performance and reconfigurable frequency bands is designed, 
implemented and tested using multiple element arrays measure the performance. 
The results suggest the proposed antenna is highly suitable for localization 
systems that have size constraints for the antenna array implementation, cost 
constraints and require reliability and is also suited for mobile wireless devices that 
require antenna surface mounting. Also, the degrading effects of the mutual 
coupling on antenna arrays was studied and the procedures were detailed to 
deduce the decoupling methods which were then applied to different data sets and 
the performance of the AoA algorithms was evaluated before and after the mutual 
coupling compensation, Finally an OFDM based transmission scheme was 
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evaluated by dividing the whole transmission into narrow band carriers which is 
suitable for  AoA estimation systems and is capable of negating the multipath 
effects of the channel and improve estimation accuracy. A brief thesis summary is 
presented below. 
 
 
8.2 Thesis Summary 
 
Chapter 2 – A detailed review of the location based services and their applications 
both in public and private sector was presented. Location based services have 
found its place in the next generation wireless communication system applications 
such as tracking, health, navigation etc. The chapter also presents the 
infrastructure model for both indoor and outdoor LBS. The existing localization 
techniques were also reviewed and solutions were presented to improve the 
existing localization applications and techniques.  
 
Chapter 3 – Mathematical background on the antenna arrays and angle of arrival 
estimation techniques was presented. A novel high-resolution direction of arrival 
estimation algorithm based on the signal subspace decomposition has been 
presented with the core idea of finding the difference between the maximum 
absolute value of the pseudo-spectrum and the absolute value of the pseudo-
spectrum thus minimizing the denominator and producing larger peaks in the 
direction of arrival of the incoming signal. The proposed method exploits the signal 
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subspace with array steering vector as opposed to the MUSIC algorithm that 
exploits the noise subspace with array steering vector. The proposed algorithm has 
been tested and evaluated using different criteria and has shown great potential to 
be employed as the next generation localization technique. 
 
Chapter 4 – The degrading effects of mutual coupling on antenna array elements 
were discussed. Two methods of mutual coupling compensation namely the 
conventional mutual impedance method and the receiving mutual impedance 
methods were discussed and evaluated. Based on these methods, decoupling 
matrices were generated and applied to the simulation data. The results showed 
that receiving mutual impedance method is easier to implement with the same 
computational complexity as that of the conventional mutual impedance method 
and has better results and is a better fit for application requiring real time 
processing. 
 
Chapter 5 – In this chapter the design and implementation of a novel 
reconfigurable electrically small antenna for wideband UHF frequencies is 
presented. The antenna design makes use of the logarithmic spirals with biased 
components and has considerable stable gain and efficiency with a small ground 
plane making it a suitable candidate for surface mounting on tracking devices 
which has size constraints. The performance of this antenna in terms of reflection 
coefficient, radiation pattern and gain were presented which show the suitability of 
 
 
168 
 
the antenna for localization applications with reconfigurable bandwidth, omni-
directional radiation pattern, vertical polarisation and small size.  
 
Chapter 6 – In this chapter the performance of the antenna array consisting of 4-
elements and 3-elements of the proposed sensor was measured using the 
anechoic chamber and the angle of arrival estimation algorithms were applied and 
compared. The results showed that the proposed direction of arrival estimation 
scheme provides very sharp peaks in the direction of the source which in turn 
improves the overall average estimation error at low power levels. The other 
algorithms suffer from big side lobes which at low power levels result in the 
estimation of multiple angles and increase average estimation error.  
 
Chapter 7 – A multicarrier modulation OFDM based system is evaluated to be 
used for angle of arrival estimation. The channel characteristics received from the 
electromagnetic propagation software were converted into time domain using IFFT 
and spread across the desired band using subcarriers making the system more 
robust against multipath effects. The time resolution provided by the wideband 
transmission improved the angle estimation accuracy. The comparison between 
the time domain and frequency domain estimation is presented and how the 
bandwidth made an effect on these estimations.  
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8.3 Recommendations for Future Work 
As the topic of source localization is quite wide spread and the market demands 
are ever growing there is always a margin for improvement. Some of the topics that 
can be of interest for further research are listed below. 
 
 As most this study was comprised around receiver antenna arrays it was 
shown in Chapter 4 that received mutual impedance method calculated for one 
angle helps reduce coupling error in majority of angles but this can be extended 
further to develop a single mutual coupling compensation method that can be 
applied to all angles. 
 
 The proposed angle of arrival estimation algorithm can be used to test the 
performance of angle of arrival estimation with more antenna geometries and can 
be enhanced to include 3D angle of arrival estimation. 
 
 
 Another important piece of work that is presented in Chapter 7 is the multi 
carrier modulation scheme of OFDM for angle of arrival estimation. This work using 
the proposed technique can be enhanced and further improved by adding space 
time coding, improved channel estimations, frequency offset estimations, path loss 
estimations and channel compensation techniques.  
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